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1.  INTRODUCTION 


The  recent  developments  in  high  intensity  light  sources, 
particularly  the  laser,  have  focused  interest  and  concern  on 
damage  -  both  accidental  and  therapeutic  -  to  the  human  eye. 

The  retina  of  the  eye  is  particularly  susceptible  to  light- 
induced  damage.  Considerable  research  has  gone  into  a  study  of 
retinal  damage  and  its  repair.  However,  the  major  part  of  this 
work  has  dealt  with  gross  damage.  By  contrast  in  our  program 
we  have  tried  to  develop  techniques  that  allow  us  to  look  at 
the  electron  microscopic  level  at  damage  throughout  the  entire 
retina  as  a  function  of  the  frequency  of  the  bombarding  radiation 
(its  color)  duration  of  radiation  exposure  and  its  intensity. 

We  have  also  undertaken  to  examine  electron  microscopically  the 
morphology  of  the  retina  following  abuse  by  either  laser  light 
or  other  electromagnetic  radiation  in  an  attempt  to  understand 
the  repair  mechanisms. 

Important  to  our  understanding  of  damage  and  repair 
is  a  detailed  understanding  of  how  photoreceptors  work.  Our 
approach  to  this  problem  has  been  largely  physical.  Three 
years  ago  we  began  the  program  by  accepting  the  trichromatic 
picture  of  color  detection.  However,  over  the  last  few  years 
we  have  been  led  to  the  conclusion  that  the  cones  are  acting 
as  highly  discriminatory  dielectric  waveguides,  and  detect 
color  through  strong  dispersion  of  the  incident  spectra.  If 
indeed  all  cones  are  created  equal  in  local  regions  as  is 
suggested  by  this  model  then  radiation  damage  within  the 
retina  to  the  color  discriminatory  elements  will  be  uniformly 
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distributed  throughout,  and  will  not  be  limited  to  the  red, 
green  or  blue  sensitive  elements  as  has  been  proposed  in  the 
past.  As  for  example,  based  upon  the  present  model,  one  would 
expect  that  if  the  retina  were  to  suffer  an  abuse  brought  about 
by  an  intense  red  light  -  not  simply  the  red  cones  would  be 
destroyed  but  rather  all  cones  would  be  partially  destroyed. 

Accepting  for  the  moment  that  the  cones  are  dielectric 
waveguides  we  have  carried  out  extensive  calculations  which 
have  led  to  very  specific  predictions  that  can  be  tested  not 
only  in  our  laboratory  but  in  many  others.  Our  primary  tool 
in  testing  this  model  and  in  causing  controlled  damage  in  the 
retina  has  been  the  tunable  dye  laser.  We  have  been  able  to 
use  light  from  this  laser  to  create  lesions  of  all  sizes.  We 
have  subsequently  examined  the  retinas  with  light  microscopy, 
as  well  as  transmission  and  scanning  electron  microscopes 
both  at  The  University  of  Western  Ontario  and  at  the  University 
of  Calgary  in  Calgary,  Alberta. 

Our  primary  animal  this  year  has  remained  the  rabbit, 
although  experiments  have  been  begun  with  babboon  eyes,  quail 
eyes  and  monkey  eyes.  Complementing  the  program  supported  by 
the  U.S.  Army  Medical  Research  &  Development  Command  has  been 
a  study  of  the  Human  Eye  undertaken  in  conjunction  with  the 
Ophthalmological  community  in  London,  Ontario.  In  these  studies 
laser  lesions  have  been  placed  in  eyes  affected  with  choroidal 
melanoma  shortly  before  the  enucleations.  Subsequent  to  the 
removal  parts  of  the  retina  have  been  made  available  to  us  for 
study. 
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With  this  report  of  our  first  year  of  operation  under 
the  U.S.  Army  Medical  Research  &  Development  Command  we  present 
primarily  papers  that  have  been  submitted  for  publication, 
papers  that  are  about  to  be  submitted  and  those  in  preparation, 
along  with  abstracts  of  papers  that  we  will  or  have  presented 
at  various  congresses  this  year.  The  development  of  an  effective 
multidisciplinary  team  has  been  a  hard  task,  however,  we  have 
now  reached  the  stage  where  our  program  is  limited  by  the  time 
available  for  detailed  analysis  of  electron  microscopic  data. 

The  superb  working  relationship  that  has  developed  between  the 
team  of  scientists  and  the  local  ophthalmolog ica 1  community 
and  the  excellent  cooperation  we  have  had  from  the  Department 
of  Anatomy,  will,  we  feel,  bring  considerable  return  within  the 
next  short  while. 

In  the  sections  which  follow  we  briefly  outline  our 
program  as  it  has  been  carried  out  this  year.  However,  the 
bulk  of  our  results  are  summarized  in  the  appendix,  either  in 
papers  which  have  been  published,  submitted  for  publication 
or  in  preparation  for  submission. 
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2.  DESCRIPTION  OF  FACILITIES  AND  TECHNIQUES  USED 

There  are  two  principal  laboratories  at  our  disposal 
for  these  studies,  one  in  the  Physics  Department  where  the 
Tunable  Dye  Laser  is  set  up  and  through  which  the  theoretical 
studies  are  being  conducted,  and  the  second  in  the  Department 
of  Anatomy.  Besides  these  two  laboratories  we  have  at  our 
disposal  the  Argon  Ion  Laser  Photocoagulators  at  Victoria 
Hospital  and  St.  Joseph's  Hospital,  electron  microscopic 
facilities  in  the  Departments  of  Clinical  &  Neurological 
Sciences  and  Pathology  at  University  Hospital,  and  the 
laboratories  and  Scanning  and  Transmission  Electron  microscopes 
in  the  Division  of  Morphological  Science,  the  Faculty  of 
Medicine,  University  of  Calgary. 

The  next  few  paragraphs  will  describe  the  equipment 
that  has  been  used  in  each  of  these  places. 

2.1  FACILITIES  IN  THE  LASER  LABORATORY,  THE  UNIVERSITY  OF 
WESTERN  ONTARIO,  DEPARTMENT  OF  PHYSICS 

In  the  Laser  Laboratory  our  main  tool  has  been  the 
Flashlamp  Pumped  Dye  Laser,  Synergetics  Chromobeam  1050.  This 
apparatus  has  been  modified  in  such  a  way  that  it  works  in 
conjunction  with  a  Topcon  TRC-F  Fundus  Camera.  Coupled  with 
this  apparatus  is  a  gonioscopic  animal  holder  designed 
primarily  for  our  study  of  monkey  eyes,  although  it  has  been 
successfully  used  for  our  rabbit  eye  studies.  (Fig.  1). 

The  Synergetics  Chromobeam  1050  Flashlamp  pumped 


system  has  been  useful  in  producing  pulses  of  laser  light  that 
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last  about  0.5  u  sec.  The  second  laser  system  is  now  being 
installed.  It  too  will  be  coupled  to  the  gonioscopic  animal 
holder.  The  new  system  is  a  Control  Laser  6  watt  Argon  Ion 
Laser  which  can  be  made  to  oscillate  on  a  number  of  lines  pri¬ 
marily  in  the  blue-green.  This  system  is  to  be  used  to  pump 
a  dye  cell. 

2.2  THE  LABORATORY,  ANATOMY  DEPARTMENT,  THE  UNIVERSITY  OF 
WESTERN  ONTARIO 

Because  of  the  excellent  cooperation  of  the  I  tomy 
Department  our  project  has  had  at  its  disposal  the  foil  ing 
optical  microscopes: 

Wild  M20  Microscope  and  Camera 
Bausch  &  Lomb  Dissecting  Microscope 
Reichert  NR241  421  Microscope 

We  have  also  been  free  to  use  the  Rickert  OMU2  Ultra  Microtrome 
for  which  we  have  our  own  diamond  knife.  We  also  have  at  our 
disposal  within  the  department  the  electron  microscope  facilities 
including : 

Hitachi  HHS-2  Scanning  Electron  Microscope 
AEI  801  Transmission  Electron  Microscope 

2.3  FACILITIES  IN  THE  DEPARTMENTS  OF  OPHTHALMOLOGY 

Tho  Department  of  Ophthalmology  at  The  University  of 
Western  Ontario  is  located  primarily  in  three  hospitals, 
University  Hospital,  Victoria  Hospital  and  St.  Joseph's  Hospital. 
We  have  had  excellent  cooperation  from  all  three  groups,  and  in 
particular  have  been  able  to  use  the  Argon  Ion  Laser  Photoco¬ 
agulators  available  in  both  Victoria  and  St.  Joseph's  Hospitals. 
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Victoria  Hospital  -  Coherent  Radiation  incorporated 

Arqon  Ton  Laser  Photocoagulator 

St.  Joseph's  Hospital  -  Model  150  Brit  Electronics 

Arqon  Laser  Photocoagulator 

2.4  LABORATORY  IN  THE  DIVISION  OF  MORPHOLOGICAL  SCIENCE, 

FACULTY  OF  MEDICINE,  UNIVERSITY  OF  CALGARY 

Although  Prof.  Martin  Hollenberg  is  now  Head  of  the 
Division  of  Morphologica 1  Science,  University  of  Calgary,  he 
had  earlier  on  been  associated  with  the  Department  of  Anatomy, 
University  of  British  Columbia.  ile  has  now  established  a  new 
extensive  laboratory  system  that  is  available  for  this  project 
in  Calgary,  Alberta.  In  his  laboratory  he  has  a  Cambridge  180 
Scanning  Electron  Microscope  and  a  Philips  300  Transmission 
Electron  Microscope.  These  facilities,  together  with  support 
personnel  and  his  colleagues  are  available  to  assist  wiuh  the 
program. 

2.5  MEMBERSHIP  IN  THE  CENTRE  FOR  CHEMICAL  PHYSICS 

On  3  May,  1973  the  National  Research  Council  of  Canada 
announced  the  development  of  a  Centre  for  Interdisciplinary 

Studies _ in  Chemical  Physics  (CCP)  at  the  University  of  Western 

Ontario.  This  organization  was  founded  in  response  to  a 
Canadian  need  for  groups  of  established  scientists  from  many 
disciplines  to  work  together  in  well  developed  problem  areas. 

The  Centre  for  Chemical  Physics  is  designed  to  be  an 


effective  link  between  the  University,  government,  industry, 
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medicine  and  the  local  community.  It  is  constituted  such  that 
scientists,  engineers,  medical  people,  and  in  some  instances 
non-scientists  can  work  toqether  within  the  institute  as  full 
members  of  that  organization. 

Perhaps  the  most  important  single  program  within  the 
Centre  is  the  Visiting  Fellows  program,  modelled  after  a 
similar  successful  program  at  the  Joint  Institute  for  Laboratory 
Astrophysics,  University  of  Colorado.  This  program  brings  fo  a 
focus  specific  program  areas  by  bringing  a  number  of  experts  to 
this  University  for  prescribed  periods. 

The  Visiting  Fellows  are  drawn  from  the  international 
community  of  established  scientists,  engineers  and  medical 
people,  although  an  attempt  is  made  each  year  to  have  at  least 
one  Visiting  Fellow  from  a  Canadian  industry  or  government 
laboratory.  Between  three  and  six  Visitina  Fellows  are 
scheduled  to  come  to  the  University  each  year.  They  normally 
spend  between  six  months  and  a  year  at  the  Centre.  They  have  no 
formal  commitment  to  teach,  but  are  free  to  work  at  their  own 
pace  in  conjunction  with  the  other  members  of  the  Centre  staff. 

Four  service  groups  are  available  to  Centre  members. 
They  are:  1)  Instrument  Shop,  2)  Electronics  Shop,  3)  Drafting 
and  4)  Computing  Services.  There  is  only  a  minimal  charge  to 
Centre  members  for  use  of  these  services  which  are  unique  on 
the  campus.  Our  project  has  made  extensive  use  of  these  Centre 
facilities . 
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3.  APPLICATION  OF  OPTICAL  TRANSFORM  TECHNIQUES  TO  LASER 
DAMAGE  STUDIES 

The  conventional  method  employed  for  experimental  de¬ 
termination  of  the  threshold  of  damage  to  the  retina  by  laser 
light  consists  of  exposing  test  eyes  to  a  large  number  of 
single  shots  over  a  wide  range  of  incident  intensities.  The 
probability  of  observable  damage  resulting  from  each  intensity 
over  the  whole  range  of  exposure  levels  is  then  determined  and 
a  probit  analysis  enables  one  to  evaluate  that  incident 
intensity  which  results  in  an  observable  lesion  50  percent  of 
the  time  (the  50  percent  effective  dose  levc 1 , ED ^ ) . 

There  are  several  attendant  difficulties  with  this 
method  with  which  the  experimenter  must  cope.  Most  of  these 
problems  occur  because  a  large  number  of  separate  exposures 
must  be  carried  out  in  order  to  obtain  a  stat  istica  i  In¬ 
significant  result.  This  means  a  large  number  of  experimental 
animals  must  be  used.  This  is  an  important  problem  when 
monkeys  are  the  experimental  animal  of  choice  inasmuch  as  these 
animals  are  rapidly  becoming  prohibitively  expensive.  In 
addition  many  primate  species  arc  in  danger  of  extinction  and 
conservation  considerations  are  strongly  mitiaating  against  the 
use  of  monkeys  in  acute  experiments  requiring  large  numbers  of 
animals . 

In  addition  to  these  considerations  (which  are  forcing 
many  researchers  to  reappraise  their  programs)  there  are  some 
general  problems  of  the  technique  which  apply  regardless  of  the 
experimental  animal.  Because  of  the  large  number  of  separate 


10. 


exposures  it  is  not  necessarily  obvious  that  the  test  eye  is  in 
a  stable  and  unchanging  state  over  the  1  to  2  hour  exposure 
period.  One  must  try  to  ascertain  whether  or  not  the  previous 
exposures  in  a  run  have  altered  the  state  of  the  eye  sufficient¬ 
ly  to  affect  subsequent  exposures  during  a  given  run.  One  also 
cannot  be  assured  that  the  focal  properties  of  the  eye  are 
stable  over  many  exposures;  neither  can  one  determine  whether 
or  not  all  exposures  in  a  run  have  the  same  relationship  be¬ 
tween  the  retinal  energy  density  and  the  incident  corneal  energy 
density  of  the  laser  exposure.  Furthermore,  it  is  required 
that  the  laser  output  and  calibration  be  stable  over  a  long 
period  while  the  exposures  are  carried  out. 

Virtually  all  of  these  problems  can  be  circumvented 
if  a  large  number  of  graded  laser  beams  of  known  energy  can 
bombard  the  retina  at  the  same  time.  This  can  be  and  has  been 
done  in  our  laboratory.  The  technique  entails  passing  the 
incident  laser  beam  through  an  appropriate  diffracting  screen; 
depending  on  the  choice  of  screen  it  is  possible  to  tailor  the 
pattern  of  focused  exposures  at  the  retinal  surface  in  virtually 
any  manner  desired. 

3.1  OPTICAL  DIFFRACTION  TECHNIQUES 

An  exact  description  of  the  scattering  of  light  from 
a  given  diffracting  object  requires  solution  of  Maxwell's 
equations  subject  to  the  appropriate  boundary  conditions.  This 
method  of  solution  can  only  be  carried  out  for  the  simplest 
of  geometries.  For  practical  cases  of  interest  it  is  necessary 
to  use  approximate  methods;  the  accuracy  of  these  methods  can  be 
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quite  good,  however.  Using  a  scalar  representation  of  the  EM 
fields  greatly  simplifies  the  computations  and  is  quite  adequate 
if  we  are  not  interested  in  polarization  effects  and  regions 
within  a  few  wavelengths  of  the  diffracting  objects. 

The  general  scalar  theory  leads  to  the  Rayleigh® 
Sommerfield  equation  for  the  fields  (Shulman,  1970) .  For  many 
cases  of  interest  this  representation  can  be  considerably 
simplified.  A  most  useful  approximation  is  that  of  Fraunhofer 
diffraction  which  applies  whenever  the  incident  and  scattered 
fields  can  be  adequately  represented  as  plane  waves.  This 
obtains  for  collimated  light  incident  on  the  diffracting  object 
and  observing  the  outgoing  waves  at  large  distances  from  the 
scattering  region;  equivalently  the  focal  plane  of  a  lens 
imaging  the  diffracting  object  satisfies  the  "great  distance" 
criterion. 

This  is  a  standard  problem  in  optics  and  is  treated 
in  many  texts  (see,  for  example.  Born  and  Wolf,  1965).  The 
main  feature  of  this  analysis  is  that  the  field  distribution  in 
the  Faunhoffer  domain  is  simply  the  Fourier  transform  of  the 
field  distribution  in  the  diffracting  plane.  Figure  3.1  shows 
the  geometry  of  interest:  the  physical  picture  is  that  of  plane 
waves  incident  on  an  object,  the  subsequently  diffracted  waves 
are  combined  at  the  lens  and  appearing  in  the  transform  plane 
is  the  optical  spectrum  of  the  diffracting  object  resulting 
fA om  interference  of  the  scattered  amplitudes. 

It  can  be  shown  (Shulman,  1970)  that  if  the  area  of 
consideration  in  the  input  plane  and  the  back  focal  plane  are 
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FIG.  3.1  Diagram  showing  the  geometry  used  in  diffracted 


beam  technique. 
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respectively  restricted  to  domains  given  by 

(x2  +  y  ?)is  <  f/5 

1  1 

and  (x-  +  y’  )  <  0.14f 


then  the 
plane  of 


liqht  amplitude  distribution  A'(x,y) 

a  lens  is  accurately  qiven  by 

A'(x.y)  =  ~ iexp [ ikR  t  x,y  )  I  p(„_v) 

A (f+d) 


in  the  back  focal 

(3.1) 


where 


u  =  x/  f 
R(x,y)  = 


v  =  y/  f 
f2t  df  +  x  ^  +  y 2 
(f?  +  x?  +  y  )  1 


(3.2) 

(3.3) 


and 


F  (u,  v)  =  j  j  a  (xt  ,  y,  )  exp[-2;ii  (ux,  +  vy  )  ]  dx  ,  dy, 


(3.4) 

F(u,v)  is  the  Fourier  transform  (two  dimensional)  of  the  light 

amplitude  distribution  A(xJ,yi)  a  distance  d  in  front  of  the 

lens.  The  physically  measurable  quantity  in  the  transform  plane 

is  the  intensity  or  square  of  the  light  amplitude  distribution 

2  _  1 


|  A  (x,y) 


\ 2 (f+d) 


'F(u, v) | 2 


(3.5) 


The  computation  of  the  Fourier  transform  of  many  simple 
diffracting  objects  is  easily  evaluated.  The  diffraction  from 
more  complex  objects  can  often  be  evaluated  as  combination  of 
these  simple  cases  where  the  linearity  of  the  Fourier  transform 
is  exploited  (the  transform  of  a  product  or  sum  is  the  product 
or  sum  of  the  individual  transforms) .  An  important  special 
case  for  the  diffracting  object  is  that  of  a  transmission 
function  consisting  of  a  periodic  array  of  alternately  trans¬ 
mitting  and  opaque  bands  (diffraction  grating). 
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A  Ronchi  ruling  is  a  square  wave  grating  with  alter¬ 
nating  opaque  and  transparent  regions  of  equal  width. 

Such  a  square  wave  train  alternating  between  the  amplitudes  0 
and  1  with  an  angular  frequency  m  ( 2 Tr  times  the  grating  frequency) 
can  be  written  as  the  infinite  Fourier  series: 

f  (y  )  =  %(!  +  —  cos  wy  -  —  cos  3  toy  +  —  cos  5(oy  -...) 


which  is  a  series  consisting  of  a  DC  term  (*5)  equal  to  the  mean 
value  of  the  square  wave  amplitude  and  alternately  the  addition 
and  subtraction  of  the  cosine  of  the  odd  harmonics  of  the 
fundamental  grating  frequency.  Writing  the  cosine  as  its 

component  complex  exponentials  this  is: 

e .  .  ,  ,  1  imy  .  1  -itoy  1  i3toy  1  -i3my  , 

f  ( y  )  =  *5  +  —  e  1  +  —  e  1  x  -  -r  e  1  \  -  ■=•  e  1  ,  +  .  .  . 

1  1  IT  IT  1  3  71  3  it 


(3.4) 

The  Fourier  transform  of  each  of  these  terms  gives  a  point  in 
the  inverse  frequency  space  (transform  plane  of  the  lens).  Thus 
the  optical  transform  of  a  Ronchi  ruling  will  consist  of  points 
in  the  focal  plane  of  the  lens  corresponding  to  the  associated 
frequencies;  there  will  be  a  DC  or  zero  order  term  of  amplitude 
H,  and  the  ±  odd  harmonics  of  w,  (2n+l)w  of  amplitude  l/(2n+l)TT. 
The  positions  of  the  spectral  components  in  the  transform  plane 
are  odd  multiples  of  the  quantity  yQ  -  A fw/2  when  the  grating  is 
placed  in  the  front  focal  plane  of  the  lens.  The  scattering 
geometry  and  optical  spectrum  of  a  Ronchi  ruling  is  shown  in 
Figure  3.2 


POSITION  -3y0  -%/ 0  y0  3y0  5yc  7y0 

/  y0=^X 


FIG.  3.2  Scattering  geometry  and  optical  spectrum  of  a 


Ronchi  ruling. 
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Fiq .  3.3  Fundus  photograph  of  the  rabbit  retina  taken  within 
a  few  minutes  of  exposure  to  laser  shots.  A  range 
of  intensities  of  conventional  single  shots  are 
evident.  Note  the  three  shots  produced  by  a  single 
Ronchi  ruling  just  to  the  right  of  the  large,  dark 
burn  in  the  center  of  the  photograph. 


Fig.  3.4  Computed  intensities  of  a  laser  beam  diffracted  by 
two  crossed  rulings. 


Fig.  3.5  A  photograph  of  the  frequency  spectrum  of  two  crossed 
rulings.  The  relative  intensities  of  the  components 
is  given  by  Fig.  3.4.  Note  that  the  gratings  used 
for  this  photograph  are  not  exact  Ronchi  rulings 
since  even  frequency  components  are  visible  in  the 
spectrum. 


Fig.  3.6  The  photo  shows  the  spectrum  of  a  grating  of  spatial 
frequency  2w  on  the  left  with  the  dc  and  1st  order 
terms  heavily  over-exposed.  On  the  right  is  the 
spectra  of  a  grating  with  a  spatial  frequency  w  and 
the  over-exposed  central  orders  with  the  spectrum  of 
the  undiffracted,  focused  plane  wave  (i.e.  just  the 
d.c.  term)  just  to  the  left  of  this  spectrum.  The 
central  spectrum  is  that  of  the  two  gratings  super¬ 
imposed  parallel  to  each  other.  Proportionally  less 
energy  is  in  the  lower  diffraction  orders  and  more  in 
higher  orders. 


I 
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FIG.  3.4  Computed  intensities  of  a  laser  beam  diffracted  by 
two  crossed  rulings. 
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Figure  3.3  is  a  fundus  photograph  of  a  rabbit  retina 
which  has  been  exposed  to  a  large  range  of  laser  beam  inten¬ 
sities.  A  linear  sequence  of  lesions  vertically  oriented  is 
visible  beside  the  very  large  central  lesion.  This  is  the  burn 
pattern  resulting  from  diffraction  of  the  incident  laser  beam 
through  a  Ronchi  ruling.  The  D.C.  and  two  first  order  terms 
are  easily  visible  in  this  pattern.  Note  that  in  retinal 
damage  studies  it  is  only  necessary  to  refract  the  test  eye  for 
accommodation  to  infinite  distance,  no  other  lenses  are  required. 
This  process  can  be  extended  to  two  dimensions  by  crossing  two 
Ronchi  rulings.  Fig.  3.4  shows  the  computed  intensities  and 
Fig.  3.5  a  photograph  of  a  laser  beam  diffracted  by  two  crossed 
rulings.  Some  features  worth  noting  in  Fig.  3.5  are 
the  presence  of  small  amounts  of  even  harmonics  in  the  spectra 
(due  to  phase  variations  in  the  rulings)  and  ghost  spots  due 
to  multiple  reflections  in  the  glass  plates  forming  the  rulings. 
These  illustrate  the  difficulties  that  must  be  guarded  against 
(and  can  in  fact  be  dealt  with)  in  this  technique  for  laser 
damage  measurements. 

One  limitation  of  the  transmission  grating  technique 
is  the  relatively  large  amount  of  energy  in  the  diffraction 
pattern  in  the  zeroth  and  first  orders.  Most  information  on 
damage  thresholds  are  obtained  when  there  is  a  slowly  varying 
gradation  of  intensities  around  the  threshold  level.  Such  a 
gradation  is  present  in  the  higher  orders  of  the  grating  spectra. 
The  intensity  of  the  13th  frequency  component  is  72%  of  the 
intensity  of  the  11th  component;  ratios  for  higher  terms  are 
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even  larger.  Unfortunately,  use  of  light  intensities  high 
enough  to  put  these  higher  orders  around  the  threshold  level  is 
precluded  in  retinal  damage  studies.  The  intensity  of  the 
first  two  orders  would  be  sufficient  to  produce  catastrophic 
retinal  damage.  This  difficulty  can  be  circumvented,  however. 

One  possibility  is  to  block  the  first  two  components  in  the 
transform  plane  (optical  filtering)  and  reimage  the  modified 
transform  at  the  retina  with  additional  lenses. 

A  less  cumbersome  method  is  to  use  an  appropriate 
combination  of  the  commercially  available  Ronchi  rulings.  One 
simple  technique  is  to  superimpose  two  rulings,  one  of  twice 
the  frequency  of  the  other  with  their  rulings  parallel  to  each 
other.  The  transmission  function  of  this  combination  consists 
of  a  repeating  array  which  is  transmitting  over  1/4  of  its 
cycle  and  opaque  over  3/4  of  the  cycle.  This  has  the  desired 
effect  of  decreasing  the  relative  contribution  of  the  lower 
order  terms  and  increasing  the  contribution  to  the  power  spectrum 
of  the  higher  frequency  components.  This  effect  is  shown  in 
Figure  3.6  .  The  relative  intensities  of  the  DC  term  and  the  1st 
to  5th  harmonic  terms  are  in  the  sequence:  1.0,  0.576,  0.405, 
0.182,  0,  .021.  This  example  is  illustrative  of  the  possibilities 

inherent  in  the  transform  technique.  Other  combinations  can 
be  chosen  to  suit  particular  experimental  needs. 

/ nothor  method  is  to  use  a  orating  in  which  the  modu¬ 
lations  .ire  in  transmitted  phase  only.  By  proper  choice  of  the 
phase  differential  it  is  possible  to  tailor  the  resulting  inter¬ 
ference  pattern  in  the  transform  plane  to  have  virtually  any 
desired  distribution  of  energy  among  the  diffracted  orders 


including  even  zero  intensity  in  the  zeroth  order. 
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For  a  phase  grating  of  sinusoidal  modulations  in  trans¬ 
mitted  phase  with  m  (in  radians)  the  amplitude  of  the  phase 
excursion,  the  peak  intensity  of  the  qth  order  component  is 
proportional  to  [J  (m/2)]~  where  J^(m/2)  is  the  Bessel  function 
of  the  first  kind  of  order  q  (see  for  example,  Goodman,  1968)  . 

Two  examples  of  the  intensity  distribution  in  the 
first  eight  orders  for  peak-to-peak  excursions  of  the  phase 
delay  given  by  m/2  =  ‘1  and  m/2  =  6  are  shown  in  Figure  3.7.  As 
may  lie  inferred  from  these  plots,  the  trend  is  for  a  hiaher 
proportion  of  the  diffracted  power  to  appear  in  higher  orders 
for  increasing  phase  excursions. 

These  phase  gratings  can  be  produced  by  bleaching  a 
photographic  negative  of  a  transmission  grating.  The  areas  of 
greatest  density  of  developed  grains  in  the  negative  will  have 
the  greatest  emulsion  thickness  and  thus  the  Greatest  phase 
delay  when  bleached.  Phase  qratings  have  also  been  produced  by 
exposing  dichromated  gelatin  films  to  an  appropriately  modulated 
light  distribution.  Dichromated  gelatin  renders  light  amplitude 
information  directly  as  modulations  of  the  film  thickness  and 
consequently  as  a  phase  grating.  The  phase  excursions  produced 
by  those  methods  can,  however,  be  rather  difficult  to  control. 

While  we  have  focused  our  attention  on  diffracting 
gratings,  it  should  be  noted  that  the  optical  transform 
technique  is  much  more  versatile  than  we  have  thus  far  implied. 

It  is  in  fact  possible  to  tailor  the  liqht  distribution  in  a 
transform  plane  to  be  virtually  any  pattern  desired.  Using 
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techniques  similar  to  that  employed  in  making  printed  circuit 
boards,  one  can  photographically  produce  a  diffracting  screen 
which  is  the  optical  transform  of  a  desired  pattern.  A  method 
is  to  draw  a  pattern  with  black  dots,  for  example,  whose  area 
is  proportional  to  the  intensity  of  the  transmitted  radiation 
desired  in  the  transform  plane.  This  may  bo  photographed  and 
reduced  in  size  and  rendered  in  copper  on  glass  films.  The 
optical  transform  of  this  screen  will  then  be  the  diffracting 
object  desired;  it  can  also  be  photographed  and  rendered  as 
the  desired  diffracting  screen. 
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4.  PROPAGATION  AND  SPECTRAL  DISPERSION  OF  ELECTROMAGNETIC 
RADIATION  IN  A  TAPERED  DIELECTRIC  ROD 

Our  objective  is  to  examine  the  liqht  propagation 
characteristics  of  a  slightly  tapered  cylinder  with  a  diameter 
only  slightly  larger  than  the  wavelength  of  the  propagated 
radiation.  This  problem  is  relevant  to  primate  foveal  cones 
whose  1  inht  sensitive  portions  are  less  than  one  micron  in 
diameter.  Fovea  1  .one  tapers  to  be  inferred  from  light  micro¬ 
scopic  measurements  (Polyak,  1941)  are  on  the  order  of  0.5 
dec) roes  (full  taper  angle).  Solving  the  transmission  problem 
for  a  tapered  cylinder  (eone)  is  considerably  more  complex 
than  for  a  uniform  rod.  Fortunately,  for  our  purposes,  exact 
solution  of  the  more  complex  problem  is  not  needed;  for 
sufficiently  small  taper  angles, light  propagation  in  a  cone 
is  well  represented  in  local  regions  by  the  uniform  cylinder 
solutions.  This  representation  will  be  discussed  in  more 
detail  after  first  considering  the  nature  of  the  solutions  for 
the  case  of  the  infinite,  uniform  rod. 

4.1  THE  UNIFORM  DIELECTRIC  WAVEGUIDE 

The  geometry  of  interest  is  shown  in  Fig.  4.1. 

A  dielectric  cylinder  of  diameter  d  and  refractive  index  n  is 
embedded  in  an  infinite  medium  of  refractive  index  n  .  The 
cylinder  long  axis  is  chosen  as  the  Z  direction  and  a  plane  wave 
of  wavelength  >  is  incident  with  wave  vector  |k|=  2a/\. 

For  the  general  case  of  EM  wave  propagation  in  a  source- 
froo  homogenous  medium  the  fields  must  satisfy  the  wave  equation 


FIG.  4.1  DIELECTRIC  WAVEGUIDE  GEOMETRY.  A  cylinder  of 

diameter  d  and  refractive  index  nj  is  embedded  in  an  infinite 
medium  of  refractive  index  of  n,.  Light  of  wave  vector  k  is 
incident  along  the  z  axis  which  is  coincident  with  the  cylinder 
axis.  The  polar  coordinates  p  and  0  are  shown  with  respect  to 
the  rectangular  coordinates  x  and  y.  The  quantities  n  ,  n  ,  d, 
and  A  determine  the  waveguide  characteristic  parameter'v.  ? 
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where  <  and  u  are  the  dielectric  constant  and  magnetic  perme¬ 
ability  of  the  medium.  A  particular  solution  is  obtained  by 
applying  the  appropriate  boundary  conditions. 

For  the  dielectric  rod  the  tangential  components  of 
the  electric  and  magnetic  fields  of  the  radiation  are  required 
to  be  continuous  across  the  rod-surround  interface.  We  are,  in 
addition  interested  in  those  solutions  representing  local  con¬ 
finement  to  the  rod  structure  (guided  waves) .  We  thus  match 
those  solutions  at  the  boundary  for  which  the  fields  are  zero 
at  infinite  radial  distance  ( non- rad iat ive  propagation)  and 

finite  within  the  waveguide. 

We  are  interested  in  those  elementary  solutions  which 

are  in  the  form 

E  ( x ,  y ,  z ,  t)  (  F  (x , y ,  h ,  <.  ) 

=  I  exp  (iuit  -  ihz)  (4.2) 

H (x,y , z, t)  (  G  (x,y,h,..  ) 

The  general  procedure  consists  of  substituting  this  form  for 
the  fields  in  the  wave  equation  (4.1);  we  must  then  solve  for 
the  eigenvectors  F  and  G  and  the  eigenvalues  h.  The  eigenvalue 
equation  is 

F (x , y ,  z) 

(?■  +  B2)  k  =  0  (4.2) 

G  ( x ,  y ,  z ) 

where 

P2  =  k2  -  h2  ^  -h2  (4.3) 

is  the  propagation  constant  of  the  medium  and  the  transverse 
Laplacian  operator  is 


V2 

i 


il  +  a_L  +  Ii  +  _Lil 

3x?  9y2  9p2  p  30  p 2  9  ? 


where  .  and  ;  are  the  polar  coordinates 

P  =  (x2  +  y2)h 

$  =  tan 


(y/x) . 
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We  will  use  the  subscript  1  to  refer  to  the  values  of 
the  medium  constants  inside  the  guide  and  the  subscript  2  for 
the  constants  outside  the  guide.  Thus,  for  example,  we  will 
have  inside  the  guide  the  values  ,  ^ ,  k  ^  ,  n ^ ^ ^ »  h  •  I  or 

dielectric  media  of  interest  p  =  p  and  we  also  find  that 

1  2 


h  -  h  . 

1  2 

The  explicit  form  of  this  equation  (4.2)  written  out 
in  the  cylindrical  coordinates  dictated  by  the  geometry  of  the 
problem  is, upon  separation  of  variables  •  and  0,  just  Bessel's 
differential  equation  for  the  radial  function.  The  eigen¬ 
function  solutions  we  seek  are  found  to  be  Bessel  functions  of 
the  first  kind  inside  the  guide  and  modified  Bessel  functions 
of  the  second  kind  outside  the  guide. 

These  eigenfunction  solutions  of  the  problem  corres¬ 
pond  to  propagation  modes  of  the  waveguide  and  the  number  of 
such  solutions  depends  on  the  physical  parameters  of  the  guide. 
These  physical  parameters  determine  the  propagation  character¬ 
istic  in  the  form  of  the  dimensionless  frequency  V  given  by  the 
waveguide  characteristic  equation: 


,,  nd  , 

V  =  —  (n 


-  n  -  ) 

7 


[4 . 4) 


As  the  parameter  V  decreases,  the  number  of  eigenvector 
solutions  which  satisfy  equation  (4.2)  and,  consequently,  the 
number  of  allowed  propagation  modes  decreases.  Large  V  means 
many  propagation  modes  are  allowed;  the  superposition  of  a 
large  number  of  modes  means  that  the  interior  of  the  guide  can 
be  uniformly  illuminated.  This  case  of  a  large  rod  (because  of 
largo  V)  is  just  the  geometric  optics  limit. 
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In  the  more  familiar  metal-wall  waveguide  the 
boundary  condition  imposed  by  the  vanishing  of  the  fields 
within  the  metal  result  in  TE  (transverse  electric)  and  TM 
(transverse  magnetic)  propagation  modes.  In  the  dielectric 
wavequide  none  of  the  field  components  are  necessarily  zero 
(although  TE-like  and  TM-like  solutions  do  exist).  In  general 
the  solutions  are  hybrid  in  that  the  transverse  components  of 
both  E  and  fl  are  non-zero.  Two  kinds  of  mode  solutions  are 
found,  the  so-called  HE  and  EH  modes.  We  will  be  interested 

in  the  lowest  order  mode,  the  HE  mode  which  is  the  only 

i  1 

propagated  mode  for  V  -  2.405. 

The  analysis  of  Kapany  and  Burke  (1972)  is  a  useful 

and  informative  method  of  solving  the  waveguide  problem.  In 

solving  equation  (4.2)  they  use  complex  transverse  field 

components  (4.5) 

E.  =  E  ±  iE 
±  x  y 

and  upon  application  of  the  boundary  conditions  it  is  found  that 
the  solutions  for  the  fields  inside  the  guide  are: 

E+  =  +  (1  ±<0  A  Jn  +  1  (up/ljd)  exp[i(n  +  l)0  +  iwt.  -  ihzj 

Ez  =  (2p  /ih)  A  (up/’^d)  exp  [  in<i  +  ii.it  -  ihzl 

H+  =  t  (ih/i.'u)  [  ( k  ^  2 /h 2  +  «)/(l  ±  a)]  E+  (4.6) 

Hz  =  (ih/unO  <iEz 

and  outside  the  guide  the  fields  are  equations  (4.6)  with  the 


substitutions 
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J  (up/Sd)  •  H  (vp/Sd),  p  =  n-1,  n,  n+1 
A  -  A  uJn  (u)/.Hn(  ') 

1 

k  -  k 


Where  d  is  the  diameter  of  the  quide  and  A  is  arbitrary  with  AA* 
proportional  to  the  power  in  the  mode.  Hn(v)  is  the  Hankel 
function  and  for  bound  modes  we  are  interested  in  the  case 
v  =  -iq  where  q  is  real.  We  will  use  modified  Bessel  functions 
of  the  second  kind,  K  ,  given  by  the  substitution 
H  (-iq)  =  (- i ) _n~ 1  (2/  )  K  (q) 

The  eigenvalues  u  and  q  are  related  through 


V;  =  u’  +  q‘ 


TT  cl 


=  (k.-’-k  •')  4  =  <HT  ) 


(4.8) 


is  found  from  the  boundary  conditions  to  be 

1-1 


=  n 


1  1 

o  -f 

U  q 


J  (u)  Kn'(q) 

n  n  J 


u  J  (u) 
n 


qkn(q) 


(4.9) 


where  the  prime  denotes  differentiation  with  respect  to  the 

argument  of  the  Bessel  function.  Now  u  =  £  d/2  and  q  =  0  d/2 

1  2 

and  these  eigenvalues  are  determined  by  the  lowest  non-zero  value 

of  u  which  satisfies  the  eigenvalue  equation,  arising  from  the 

application  of  the  boundary  conditions.  For  HE  modes  this 

nm 

equation  is 


J  .(u) 
n- 1 

-  ( r  +  *  ) 

_  i 

u 

K  '  (q) 
n 

J  (u) 
n 

2  * 

i 

q 

Kn  (ql 

(  n 

■4  u*  - 

K 

r  - 

Kt 

iai\2  + 

-  \  2  K 

1 

qK 

(4.10) 
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The  problem  consists  of  finding  those  values  of  u  and 
q  which  satisfy  this  transcendental  eigenvalue  equation  corres¬ 
ponding  to  the  waveguide  with  physical  parameters  *_  ,  e  and  V 

1  2 

for  the  possible  choices  of  mode  number  n  (n  =  0,1 ,2,3,...). 

The  values  of  u  and  q  are  then  used  in  equations  (4.6)  and  (4.7) 
to  evaluate  the  fields. 

The  power  propagated  by  the  waveguide  is  given  by  the 
time-averaged  axial  component  of  the  Poynting  vector: 

Sz  =  j  Re  i(E+H+*  -  E_H_  * )  (4.11) 

Now  the  power  flow  insid^  the  waveguide  is  given  by  the 
integration 

2tt  rd/2 

§2  pdnd  1  (4.12) 

o  o 

and  outside  by  integrating  over  the  space  exterior  to  the  rod 

2  it 

P2  =  §z  pdpd*  (4.13) 

1 n  1  d/2 

(The  power  flow  along  the  outside  of  the  cylinder  occurs  as  an 
evanescent  surface  wave  whose  amplitude  decreases  rapidly  with 
increasing  radial  distance). 

We  will  be  concerned  with  determining  that  fraction 
of  the  t. o a  1  power  propagated  in  the  mode  which  is  conducted 
insid  ■  the  guide.  This  fraction,  n,  is  given  by  and  P?  above 
(with  total  power  =  P  +  ?P  )  by 

P 

n  =  pVp  =  [l  +  p/p,  )  (4. 14) 

This  ofriciency,  n  ,  is  particularly  important  for  retinal 


31 . 


receptors  since  it  is  only  the  energy  flux  conducted  within  the 
waveguide  that  can  be  absorbed  by  the  photopigment  contained 
therein  and  thus  have  a  physiological  effect.  Of  course,  as 
some  of  the  incident  radiation  is  absorbed  within  the  guide 
there  will  tend  to  be  power  flow  into  the  guide  since  if  P 

decreases,  then  P  also  decreases  in  order  to  satisfy  equation 

2 

(4 . 15) . However ,  for  the  case  of  interest  (retinal  cones) 

absorption  of  incident  radiation  is  in  general  small  compared 

to  attenuation  due  to  power  transfer  out  of  the  cone  as  n 

decreases  with  decreasing  diameter. 

For  the  retinal  cones  we  use  the  refractive  index 

values  n:  =  1.387  and  n?  =  1.347  (Sidman,  1957,  Barer,  1957) 

which  gives  Ti(n  2  -  n  2 )  **  =  1.04  and  6  =  1-  (n  /n  )  2  =  .  0568. 

>  2  1 

For  foveal  cones  d  is  no  larger  than  0.9  micron  (Polyak,  1941; 
Cohen,  1972;  Dowling,  1965).  Thus  in  the  visible  wavelength 
range  (0.4  to  0.7  microns)  an  upper  limit  on  V  for  the  foveal 
cones  is  approximately  V  <  2.34  (using  the  waveguide  character¬ 
istic  equation  V  =  (itd/A)  (n  z-n  2 )  ^  .) 

1  2 

For  values  of  V  •'  2.405  only  the  HE,  ,  mode  can  be 
propagated  by  the  guiding  structure  (higher  modes  are  cut  off) . 
Thus  particularizing  the  equations  above  for  the  eigenvalues  in 
the  case  of  n  =  1,  and  using  the  definition 

A  =  1-kl/k?  =  1  -  <  Jy  _  =  1-  (n  yn  i  )  ? 


we  have  for  the  eigenvalue  equation  of  the  HE  mode 

i  i 


(4.15) 
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where  the  arguments  of  J  and  K  are  understood  to  be  u  and  q 
respectively . 

This  transcendental  eigenvalue  equation  must  be 

solved  numerically.  A  computer  program  was  written  in  which 

J  ,  J  ,  K  ,  and  K  were  evaluated  for  trial  values  of  u.  As  a 
o  i  o  i 

function  oi  the  waveguide  parameters  and  V  (where  V  determines 

-  1 

q  through  q  =  (V“  -  u)  J)  input  into  the  program,  the  program 

searched  for  values  of  u  which  minimized  the  difference  between 

the  two  sides  of  equation  (4.15)  above.  Through  an  iterative 

procedure  which  could  bo  carried  out  as  often  as  desired,  the 

program  searched  through  stages  of  progressively  smaller 

increments  of  the  trial  values  of  u  as  the  sought  for  eigenvalue 

satisfying  Eqn.  (4.15)  is  approached. 

The  solution  of  the  eigenvalue  problem  is  shown 

graphically  in  Fig.  4.2  where  the  two  sides  of  Eqn.  (4.15)  are 

plotted  as  a  function  of  u.  The  left-hand  side  of  Eqn.  (4.15) 

(J  (u)/J,(u))  resembles  the  cot  u  function  and  only  the  positive 

branch  of  the  function  is  used  for  HE  mode;  only  one  curve  is 

i  i 

obtained  for  any  V  and  A .  The  more  complicated  right  hand  side 
of  Kq  n .  (4.15)  is  a  monotonically  increasing  function  of  u  with 
zero  value  at  u  =  o.  Curves  are  plotted  for  6  =  0.1  and  Fig. 

4.3  shows  the  dependence  of  the  eigenvalue  u  on  the  waveguide 
parameter  V  where  u /V  is  plotted  as  a  function  of  V.  As  V 
deer*  i son  li-'low  about  1.0,  u  approaches  V  asymptotically  (u/V  ■* 
1.0). 

’  ‘act,  vi  differs  so  little  from  V  in  this  range  and 
:  •o:  -o,;  ;en‘  !y  approaches  zero  so  closely  that  the  direct 
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FIG.  4.2  GRAPHICAL  SOLUTION  OF  THE  EIGENVALUE  EOUATION.  A 

plot  ot  each  side  of  the  eigenvalue  equation  for  the  HE, t  mode 
is  shown.  The  value  of  u  at  which  the  curves  intersect  is  the 
eigenvalue  for  the  problem  with  the  corresponding  physical 
parameters.  There  is  only  one  curve  for  J0(u)/J, (u)  as  a 
function  of  u.  The  more  complicated  right  hand  side  of  the 
eigenvalue  equation  depends  on  the  choice  of  parameters.  The 
plots  are  for  •'  =  0.1  and  the  three  choices  V  =  1.0,  2.0,  3.0. 
q  is  related  to  u  and  V  through  Vr  =  u'  +  q'  . 


numerical  evaluation  method  of  the  program  becomes  very  diffi¬ 
cult  and  the  computer  capacity  is  soon  exceeded.  While  exact 
solution  is  thus  not  possible  for  small  V,  the  fact  that  q 
approaches  zero  very  closely  may  be  exploited  to  considerably 
simplify  solution  of  the  eigenvalue  problem  resulting  in  a 
highly  accurate  analytic  approximation. 

We  first  note  that  the  eigenvalue  equation  (4.15) 
reduces  to  a  simple  form  for  1  =  0,  namely 

Sol'Ll  =  (4.16) 

uJ  ( u )  qK ( q ) 

which  holds  exactly.  Moreover  the  eigenvalues  of  equation  (4.15) 
for  any  non- zero  approach  those  of  the  5  =  0  case  as  V  de¬ 

creases  (even  for  larger  values  of  V  the  solution  for  the  1  =  0 
case  is  not  a  bad  approximation  for  typical  values  of  : 
encountered  in  many  physically  important  situations.)  As  has 
been  noted  by  Snyder  (1969)  as  u /V  •  1.0  we  may  reasonably 
substitute  V  =  u  in  equation  (4.16) 

JG(V)  K0(q) 

VJ  ;  (V)  qK  ,  (q) 


(4.17) 


i..u  asymptotic  small  argument  form  for  the  Bessel 
function:;  of  the  second  kind  give  for  the  right  hand  side  of 
this  equation  In  (1.123/q).  We  thus  obtain  an  analytic 
solution  for  Eqn.  (4.17), 

q  =  1.123  exp[-Jo(V)  ,/VJ  (V)].  (4.18) 

r 

The  eigenvalue  u  is  then  given  by  (V  -  q" )  J.  The  results  of 
this  approximation  are  shown  in  Fig.  4.3  where  it  is  also 
compared  to  the  exact  result  for  iS  =  0  and  0.1.  The  approxi- 


mat. ion  is  very  accurate  below  V  =  0.8  where  the  results  for  all 
values  of  -  converge. 

Once  the  eiqenvaluos  are  determined  it  is  then 
possible  to  evaluate  the  fields  via  Eqns.  (4.0),  (4.7),  (4.8) 

and  (4.9).  Tn  our  case,  however,  wo  are  primarily  interested 
in  power  propagation  in  the  wavenuido.  Evaluating  the  eigen¬ 
vectors  through  eqn.  (4.12)  inside  and  outside  the  guide  and 
ck’termi  rtinci  t  he  power  propagated  in  each  region  by  carryinc 
out  the  integration?;  of  equat  ions  (4.13)  and  (4.14)  we  get  for 
the  ratio  of  power  propagated  in  the  evanescent  wave  to  the 
power  propagated  in  the  interior  in  the  HE  ^  node 


With  this  expression  we  may  then  compute  the  modal  efficiency 
through  egn.  (4.15).  The  result  is  displayed  in  Fig.  4.4 
where  we  have  plotted  u  as  a  function  of  V  for  =  0.1.  The 
inset  also,  shows  for  =  0  as  well  as  the  small  V  approxi¬ 
mation.  Fig.  4.5  is  the  same  data  plotted  logr ithmical ly . 
These  plots  illustrate  that  the  general  result  of  decreasing  V 


is  a  decrease  in  n ,  that  is,  the  power  conducted  within  the 

core  of  a  waveguide  decreases  with  decreasing  V.  While  the 

HE  mode  propagation  (as  is  shown  in  these  plots)  does  not  go 
]  1 

exactly  to  zero  for  a  non- zero  value  of  V  (as  do  the  higher 
oraer  modes)  the  power  conducted  within  the  guide  gets  very 
small  (below  V  =  0.6).  For  example  at  V  =  0.3,  •  <  10  ‘ c . 

4.2  ATTENUATION  IN  A  CONE 

Our  main  focus  of  interest  is  on  the  propagation 
characteristics  of  a  conical  dielectric  waveguide.  Exact  sol¬ 
ution  of  this  problem  is  very  difficult  and  has  been  investi¬ 
gated  by  Snyder  (1970,  1972a,  1972b).  The  main  result  of  this 
analysis  is  that  the  primary  effect  of  a  conical  taper  in  a 
dielectric  rod  is  the  coupling  of  a  particular  propagation 
mode  with  other  modes  of  the  waveguide.  In  general  then  there 
is  no  unique  propagation  mode  for  this  case:  one  must 
determine  the  coupling  coefficients  for  all  other  possible  modes 
including  the  radiation  modes.  The  greater  is  the  taper  angle 
of  the  cone,  the  larger  will  be  the  coupling  coefficients.  For 
a  tapered  guide  with  V  •  2.405,  however,  the  coupling  will  only 

be  to  the  radiation  modes  as  the  higher  order  propagation  modes 
are  cut  off. 

For  small  tapers  where  the  diameter  change  of  a  guide 
is  small  over  distances  comparable  to  the  wavelength  of  the 
incident  radiation,  Snyder  (1970,  1971)  has  shown  that  at  each 
point  along  the  guide  the  radiation  propagates  in  the  same 
manner  as  in  a  uniform  guide  with  the  same  local  values  of  the 
physical  parameters  (in  what  Snyder  calls  local  modes). 
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Thus  the  picture  we  use  to  model  the  foveal  cones  in 
the  primate  retina  is  that  of  a  dielectric  rod  with  the  effect 
of  the  taper  being  to  transfer  increasing  amounts  of  the  guided 
radiation  from  within  the  core  into  the  evanescent  surface  wave 
as  the  cone  is  penetrated.  This  effect  will  be  wavelength 
dependent  and  it  is  just  this  behavior  which  is  of  interest. 

In  the  model  of  interest  there  is  no  coupling  into  higher  order 
modes  since  V  •  2.405  and  the  main  effect  of  ignoring  the  mode 

coupling  of  a  tapered  guide  is  to  underestimate  the  rate  at 
which  energy  is  transferred  out  of  the  guide  into  the  radiation 
modes.  For  the  case  of  foveal  cones  this  effect  will  be  quite 
small  since  the  taper  angle  is  less  than  0.5  degrees  and  the 
coupling  coefficients  to  the  radiation  modes  will  be  small. 
Neglecting  the  mode  coupling  will  err  on  the  safe  side  in  that 
we  determine  a  lower  bound  for  how  rapidly  the  cone  disperses 
the  incident  energy;  the  approximation  does  not  qualitatively 
affect  the  wavelength  dependence  of  the  process. 

In  order  to  display  the  proposed  model  mechanism  for 
color  discrimination  we  compute  only  the  transmission  properties 
of  the  cones.  The  effect  of  absorption  can  be  taken  into  account 
by  using  the  appropriate  wavelenqth-dependent  extinction  co¬ 
efficient  (which  is  related  to  the  photopigment  absorption)  as 
the  imaginary  part  of  the  refractive  index  of  the  interior  of 
the  cone.  For  the  case  of  the  foveal  cones  where  the  absorption 
is  small  over  distances  comparable  to  the  wavelength  of  light 
the  absorptionless  model  will  sensibly  portray  the  relevant 
transmission  properties  of  the  cones  Snyder  and  Pask,  (1973) 
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and  is  the  representation  which  we  evaluate  here. 

There  are  many  ways  in  which  the  spectrum  dispersing 

properties  of  a  cone  can  be  displayed.  For  a  cone  with  a 

uniform  taper  a  sensible  index  of  the  change  in  transmission 

properties  of  a  cone  is  the  ratio  of  the  fraction  of  power  left 

within  the  guide  at  its  narrow  end  to  that  initially  at  the 

broader  entrance  end,  n  ,/n •  - 

out  in 

Rased  on  the  measurements  summarized  by  Polyak  (1941), 

the  foveal  cone  model  we  employ  is  that  of  a  gently  tapering 

segment  40  microns  long  by  0.8  microns  in  diameter  at  proximal 

and  0.5  microns  at  the  distal  end.  The  appropriate  refractive 

index  values  n  and  n  are  not  known  with  any  certainty.  We 

thus  plot,  in  Figure  4.6  the  ratio  r  1 0 u t / T ' ^ n  as  a  function  of 

the  inverse  of  the  incident  wavelength  (which  is  proportional 

to  the  photon  energy)  for  a  range  of  choices  of  the  refractive 

index  difference  parameter,  Mn  '  -  n  ‘  )  . 

1  2 

Our  choice  for  the  operating  point  of  the  cones  must 
clearly  be  somewhere  in  the  middle  of  the  range  of  the  displayed 
curves.  The  upper  curves  do  not  discriminate  sufficiently 
between  long  and  short  wavelengths.  The  lower  curves,  on  the 
other  hand,  do  not  propagate  light  with  sufficient  intensity 
to  be  as  efficient  as  the  cones  are  known  to  be  from  photopic 
efficiency  data.  In  fact,  the  best  experimental  estimates  for 

n  and  n  discussed  previously  indicate  a  choice  of  operating 

1  2 

point  just  in  this  optimum  range.  It  is  to  be  expected  that 

(n  '  -  n  ?)'i  is  somewhat  smaller  than  the  value  of  1.04  to  be 
1  ? 

inferred  from  Sidman  (1957)  and  Barer  (1957)  since  it  has  been 


noted  that  the  inter-photoreceptor  space  in  the  human  eye  is 
significantly  denser  (n  larger)  than  in  other  species,  Feeney 
(  1972)  . 

.  u 

The  discrimination  of  a  cone  with  n (n  ^  -  n  ‘ )  2  equal 

i  p 

to  0.7  is  shown  in  more  detail  in  Fig.  4.7.  Here  the  relative 
modal  efficiency  at  each  point  along  the  cone  is  plotted  as  a 
function  of  position  for  different  input  wavelengths  spanning 
the  visible  spectrum.  It  is  clear  that  the  different  colors 
transmit  differently  along  the  cone  structure. 
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.  4.7  With  tt  ( n  i  ?  -n  ./)  2  =  0.7.  The  relative  modal  efficiency 
at  each  point  along  a  40u  cone  given  as  a  function  of 
wavelength . 
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5.  SCANNING  ELECTRON  MISCROSCOPIC  STUDIES  OF  LASER  LESIONS 
IN  THE  RABBIT  RETINA 

For  the  past  year  we  have  continued  to  study  the 
rabbit  retina,  even  though  our  studies  of  other  retinal  material 
have  begun.  Thus  far  in  the  literature  there  are  only  a  few 
studies  of  vertebrate  retina  using  scanning  electron  microscopy, 
but  none  have  been  completed  on  the  rabbit  retina,  and  none 
whatsoever  of  laser  lesions  in  the  retina.  In  the  Appendices 
1.2  and  1.3  we  summarize  our  results  in  two  papers  entitled 
"Scanning  Electron  Microscopy  of  Normal  and  Lased  Rabbit  Retina" 
which  has  already  been  submitted  for  publication  and  "Scanning 
Electron  Microscopy  of  Normal  and  Lased  Rabbit  Pigment 
Epithelium"  which  is  prepared  for  publication.  In  appendix  2 
we  list  the  colloquia,  seminars  and  talks  which  have  been  given 
on  this  subject. 
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.  .  'Hi!  ;i"T!'Y  Or  Till;  V  ITREAL- I’KT  1 N  AL  JUNCTION 

We  first  became  interested  in  this  problem  as  a 
result  of  scanninu  electron  microscopic  studies  of  laser  lesions 
of  the  :  ,  i  L 1  >  1 1  retina  where  membranes  were  observed  at  the 
vi  t  rou  1- ret  j. nal  junction.  We  have  bequn  an  extended  study  of 
this  membrane  for  different  exposure  intensities  at  various 
recovery  times.  This  junction  has  been  examined  after  one 
hour,  one,  two  and  four  days  and  one,  two,  four  and  six  weeks, 
together  with  areas  in  which  the  inner  limiting  membrane  is 
mechanically  disturbed.  Where  our  initial  studies  had 
indicated  that  an  epi retinal  membrane  was  forming  our  control 
studies  are  now  shedding  some  doubt  upon  this. 

The  lesions  are  being  studied  both  with  the  TEM  and 
SEM.  The  nature  of  the  membrane  which  we  have  observed  is  of 
particular  importance  to  the  ophthalmologists  associated  with 
our  group,  since  it  represents  an  important  aspect  of  the 
general  problem  of  light  damage  within  the  eye. 
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7.  DETAILED  STUDIES  OF  CONES 

7.1  THE  TAPER  OF  OUTER  SEGMENTS 

We  are  presently  in  the  process  of  measuring  the 
taper  of  the  outer  segments  of  foveal  and  parafoveal  cones.  It 
is  important  to  note  that  in  our  hypothesis  of  color  vision 
the  cones  may  have  a  slight  taper  in  the  foveal  region.  Recent 
measurements  have  suggested  that,  foveal  cones  are  generally 
said  to  be  rod  like,  yet  few  of  these  studies  are  available  in 
the  literature.  In  1965  Dowling  pointed  out  that  fovea]  cones 
studied  by  his  group  showed  no  taper,  but  as  the  cone  outer 
segments  are  50  to  60  long  and  less  than  1  in  diameter,  his 
results  are  inconclusive  since  he  seems  to  have  studied  them 
only  by  longitudinal  transmission  electron  microscopic  sections. 

We  have  begun  the  study  in  which  we  are  taking  both 
thick  and  thin  serial  transverse  sections  of  the  cones  over  the 
entire  outer  segments.  Both  TEM  and  SEM  are  beinn  used.  Wo 
have  already  prepared  the  retina  for  the  squirrel  monkey, 
baboons,  and  humans  for  study.  Particular  attention  is  being 
given  in  Dr.  llol  1  enberg '  s  laboratory  to  the  problem  of  the 
shrinkage  of  the  material.  It  is  interesting  that  never  before 
have  careful  detailed  measurements  of  these  cone  outer  segments 
been  made .  Without  question  those  measurements  will  be  in¬ 
valuable  to  our  understanding  of  the  operation  of  the  retina. 

7.2  OUTER  SEGMENT  DISC  STRUCTURE 

It  is  widely  reported  in  the  literature  that  cone 
outer  segment  discs  of  lower  vertebrates  are  continuous  with 
the  membrane  at  the  edge  opoosite  the  connecting  cilium  and  the 
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qroups  of  discs  are  continuous  with  each  other,  especially  at 
the  vitreal  end.  Dowling  (1965)  reports  that  only  the  most 
vitieal  discs  show  continuity  with  the  plasma  membrane  and  the 
foveul  cones  of  Macaca  monkeys  (loss  than  one-third  of  their 
length) .  Cohen  (1961)  "The  Structure  of  the  Eye"  reports  that 
as  one  proceeds  distally  in  the  cone  outer  segments  infolding 
becomes  rarer  and  rarer,  and  finally  none  is  observed.  In  this 
case  the  discs  appear  to  be  discreet  units.  However  with 
lanthanum  infiltration,  Cohen  (1972)  it  is  apparent  that  some 
cone  discs  are  open  to  extra  cellular  space,  even  in  the 
sclera.  This  difference  in  accessibility  to  the  extra  cellular 
space  may  be  important  in  the  ionic  exchange  following  photo¬ 
reception.  This  too  may  have  an  important  bearing  on  the 
proposed  model.  Because  of  this  we  are  carefully  examining 
our  high  resolution  photographs  of  the  cone  outer  segment  disc 
groupings  to  see  if  there  is  any  consistency  in  the  pattern  of 
discs  open  or  discrete  continuous  with  each  other  within  an 
info  id i nq . 

7 . J  THE  EFFECTS  OF  MONOCHROMATIC  LASER  LIGHT  UPON  THE  CONE 
OUTER  SEGMENT  DISCS 

Wo  are  presently  examining  SEM  and  TEM  photographs  of 
retina  to  identify  specific  damage  in  the  discs  caused  by 
monorhfomut ic  liqht  at  power  levels  both  above  and  below  the 
threshold  for  forming  oph tha lmolon ica 1 ly  detectable  lesions. 
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7.4  THE  EFFECT  ON  THE  CONE  OUTER  SEGMENT  DISCS  WHEN  THE  ENTIRE 
RETINA  IS  EXPOSED  TO  MONOCHROMATIC  LIGHT 

We  have  presently  initiated  a  series  of  experiments 
designed  to  determine  whether  or  not  all  discs  respond  in  the 
same  way  to  intense  light.  We  are  also  examining  the  effect  of 
such  damage  both  in  the  foveal  and  anterior  portions  of  the 
retina.  Pourcho  and  Bernstein  (1975)  found  that  with  prolonged 
osmicution  at  40°C,  the  amount  of  osmium  deposited  in  the  outer 
segment  disc  was  increased  by  light  stimulation  and  decreased 
after  Iona  thy  dark  adapt  at  i  on  .  We  have  exposed  Japanese  quails, 
goldfish  and  guppies,  *  ,  red  ami  blue  light  (6  days  on  a  12  hour 
cycle)  and  to  dart  tbu;u  it  .on.  These  eyes  are  presently  being 
processed  by  standard  methods  for  electron  microscopic  studies 
and  by  prolonged  osmieation  in  order  to  allow  us  to  carefully 
scrutinize  the  discs. 

7.5  REAL  TIME  X-RAY  MICROGRAPHS  OF  CONES  DURING  LIGHT  EXPOSURE 

In  order  to  properly  account  for  the  Stiles-Crawford 
Ef  feet  of  t  ho  first  kind  it  has  been  suggested  that  the 
d  iiv  n..  i  ons  of  cones  change  when  subjected  to  visible  radiation 
Snyd’  •  f.  1‘auk  1976)  .  After  exposure  the  retina  apparently 
rerc  :  ::  within  sixty  seconds.  In  order  to  study  this  point 
we  I,!"-'  j.»  initial  contacts  with  scientists  associated  with 

t  he  l  a-  .'in  Molecular  Biology  Organization  to  carry  out  ex- 
p"rir’f  i  ng  the  Synchrotron  Radiation  Source  in  Hamburg, 

f'.-rnar.”.  Using  the  o ]  ft  intense  x-ray  source  we  will  attempt 
to  nukr  x-ray  lithographs  of  live  retinal  material  as  a 


t unction  of  time  after  1 iqht  and  dark  adaptation.  This  new 

method  which  is  soon  to  bo  described  in  the  literature  by 

Spiller  et  al  make  possible  time  resolved  experiments  with  a 

o 

resolution  approaching  100  A.  The  time  for  exposure  is  expected 
to  be  less  than  1  second. 


8.  DETAILED  EXAMINATION  OE  LASER  DAMAGE  IN  THE  HUMAN  RET I 

A  series  of  experiments  has  been  carried  out  in  con¬ 
junction  with  the  ophthalmoloq ica 1  community  in  London,  Ontario. 
The  results  of  these  experiments  w’ill  bo  described  in  a  series 
of  papers,  the  first  of  which  is  given  in  appendix  1.4. 

Through  the  year  we  have  developed  a  superb  working 
relationship  with  the  London  ophthalmoloq ical  community  which  is 
particularly  interested  in  laser  damage  to  the  eye.  It  is 
because  of  their  help  that  we  have  been  able  to  carry  out  those 
expcr  inients . 

9.  NATO-AGARD  LECTURE  SERIES 

Last  Fall  one  of  us  participated  in  the  HATO-Agard 
Lecture  Series  No.  79  on  Laser  Hazards  and  Safety  in  the 
Military  Environment.  The  text  of  papers  prepared  for  this 
scries  are  given  in  appendices  1.5  and  1.6. 
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from  the  retina  of  an  eye  enucleated  for  choroidal  melanoma 
B.  Borwein,  M.  Sanwal.  J.A.  Medeiros  and  J.Wm.  McGowan 
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J.Wm.  McGowan 
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APPENDIX  2.  PRESENTATIONS  GIVEN  THIS  YEAR  AND  ABSTRACTS 
SUBMITTED  FOR  CONFERENCES  THIS  SUMMER 

2.1  September  22,  to  October  2,  1975.  Papers  delivered  as  part 
of  the  AGARD  Lecture  Series  79  on  Laser  Hazards  and  Safety 
in  the  Military  Environment  AGARD  LS-79 

2.1.1  J.Wm.  McGowan,  Properties  of  Electromagnetic 
Radia  t ion 

Although  the  electromagnetic  spectrum  extends  over 
more  than  thirty  orders  of  magnitude  that  portion  of  it  now 
dominated  by  the  LASER  only  includes  four.  It  is  through 
this  range  that  all  life  processes  are  affected  by  light, 
in  particular  the  eye  can  easily  be  damaged  by  it.  In  this 
lecture  the  basic  principles  dealing  with  electromagnetic 
radiation  are  discussed  particularly  as  they  relate  to  the 
development  of  the  LASER. 

2.1.2  J.Wm.  McGowan,  Lasers 

Principles  and  properties  of  the  LASER  are  discussed 
in  some  detail  together  with  a  description  of  the  various 
types  of  LASERS  and  their  appl ications . 

2.2  October  15,  1975,  Dept,  of  Physics,  The  University  of 

Western  Ontario,  and  September  18,  1975,  McMaster 
University,  Hamilton,  Ontario 

J.A.  Medeiros,  Colour  Vision  and  Physical  Processes  in  the 
Human  Retina 

2.3  November  13,  1975,  University  of  Notre  Dame,  Radiation  Research 
Laboratory 

J.Wm.  McGowan,  A  New  Model  for  Colour  Vision 

2.4  January  7,  197G,  Defence  &  Civil  Institute  for  Environmental 
Medicine,  Toronto,  Ontario 

2.4.1  B.  Borwein,  Laser  Eye  Experiments 

2.4.2  J.A.  Medeiros,  A  New  Model  for  Colour  Vision 

2.5  April  5,  1976,  Oph tha lmol ogy  Rounds,  University  Hospital, 
London,  Ontario 

B.  Borwein,  So-called  Normal  Areas  of  a  Retina  from  an  Eye 
with  Clio'  jidal  Melanoma 
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2.6  June  6,  1976,  Canadian  Ophtha imolog ical  Society,  Research 
Session,  Quebec  City.  To  be  presented  by  J.A.  Medeiros 

J.A.  Medeiros,  B.  Borwein,  M.  Sanwal,  J.Wm.  McGowan 
and  M.J.  Hollenberg 

Origin  of  Preretinal  Membranes  Following  Laser 
Coagulation  of  the  Retina 

Laser-induced  retinal  lesions  of  sufficient  intensity 
to  rupture  the  inner  limiting  membrane  were  studied  at 
intervals  ranging  from  one  hour  to  six  weeks  post  exposure. 
The  damaged  rolled-up  fragments  of  the  inner  limiting 
membrane  over  and  around  the  craters  of  the  lesions  are 
distinctly  different  from  the  fine  cobweb-like  strands 
which  arise  and  coalesce  to  form  increasingly  dense  net¬ 
works  across  the  lesion. 


APPENDIX  1.1 


This  appendix  is  a  draft  of  a  paper  on  the  tapered 
waveguide  model  of  color  vision.  A  letter  on  this  subject  had 
been  submitted  to  Nature  last  fall.  Correspondence  with  regard 
to  this  submission  and  the  editorial  difficulties  with  its 
acceptance  were  included  in  the  third  quarterly  report 
(Feb.  6,  1976).  Rather  than  pursue  the  publication  of  the 
short  communication  we  have  chosen  instead  to  go  directly  to  a 
full  paper  which  covers  the  broad  categories  of  evidence  for 
the  proposed  model. 


APPENDIX  1.1 
rough  draft 

COLOR  VISION:  A  PHYSICAL  MODEL  FOR  SPECTRAL  DISCRIMINATION 

BY  THE  RETINAL  CONES 

J.A.  Medeiros,  B.  Borwein,  J.  Wm.  McGowan 

Department  of  Physics  and  the  Centre  for  Interdisciplinary 
Studies  in  Chemical  Physics,  The  University  of  Western  Ontario 

Abstract 


I.  INTRODUCTION 

It  is  generally  conceded  that  there  does  not  yet  exist 
a  wholly  satisfactory  explanation  of  how  the  small,  intricate 
and  precisely  formed  receptors  of  the  human  retina  actually 
resolve  and  detect  color  information. 

Most  current  models  assume  the  basis  for  color 

differentiation  to  be  the  presence  of  multiple  cone  types 
(usually  three),  each  type  having  different  spectral  sensitivity. 
Serious  difficulties  with  this  approach  arc  to  be  found  in  the 
evidence  on  the  details  of  the  structure  actually  present  in  the 
retina  and  in  the  performance  characteristics  of  the  color 
vision  system.  There  i s  no  physiological  data  to  support  the 
concept  of  multiple  cone  types  in  the  human  retina,  on  the  basis 
of  either  cone  structure  or  the  interconnections  among  cones. 

The  evidence  for  the  cone  photopigments  required  for  the 
operation  of  those  models  is  also  equivocal.  Furthermore,  the 
electrical  characteristics  of  the  color  vision  system  are  not 
consistent  with  multiple  cone  types. 

We  will  discuss  this  evidence  militating  against  multiple 


cone  models  in  more  detail  below.  The  main  focus  of  this  paper, 
however,  is  a  new  model  in  which  each  cone  is  pictured  as  a 
miniature  spectrometer,  with  full  color  information  potentially 
available.  By  a  very  simple  mechanism,  based  on  the  physical 
properties  of  the  cones,  the  shape  and  size  of  the  cone  and  its 
corresponding  optical  transmission  properties  serve  to  disperse 
the  incident  spectra,  prism-like,  into  a  readable  code.  In 
this  proposed  model,  full  color  information  is  detected,  and  only 
in  the  subsequent  processing  is  the  content  reduced  according  to 
a  trichromatic  scheme.  This  principle  of  operation  is 
fundamentally  different  from  multiple-cone  models,  in  which  the 
information  content  is  first  reduced  to  a  trichromatic  code  at 
the  detection  level,  and  subsequent  processing  must  resynthesize 
the  color  information. 

The  proposed  model,  we  submit,  offers  a  more 
consistent  explanation  of  the  diverse  data  on  color  vision:  it 
is  in  accord  with  the  known  structural  details  of  the  retinal 
architecture,  it  simply  and  plausibly  explains  the  wide  spectrum 
of  experimental  data  on  the  performance  characteristics  of  the 
color  vision  system,  and  it  is  amenable  to  direct  experimental 
verif ication. 

II.  DESCRIPTION  OF  THE  MODEL  MECHANISM  AND  ITS  ROLE  IN  COLOR 
VISION 


All  the  cones  within  a  given  region  of  the  retina  are 
very  similar  in  appearance  although  their  size  and  shape  vary 
systematically  through  the  human  retina.  No  distinct  groups  or 
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classes  of  cones  are  distinguishable.  The  cone  diameters  are 
only  slightly  larger  than  the  wavelength  of  the  visible  light 
to  which  they  are  sensitive  and  as  a  consequence  diffraction 
and  interference  effects  will  play  an  important  role  in  the 
propagation  of  light  within  them.  These  effects,  broadly 
classified  under  the  topic  of  dielectric  waveguide  phenomena, 
have  been  investigated  in  connection  with  fiber  optics 
(Kapany  and  Burke,  1972  comprehensively  review'  dielectric  wave¬ 
guide  phenomena)  and  integrated  optical  circuits  (see,  for 
example,  Tamir  (  1975.  Tight  funnel  inn  effects  of 

optical  fibers  lave  been  advanced  as  the  explanation  of  the 
photoreceptor's  directional  sensitivity,  the  Stiles  Crawford 
Effect  of  the  First  Kind,  (di  Francia,  1946,  O'Brien,  1949). 
Moreover,  transmission  of  light  through  the  human  retinal 
receptors  in  characteristic  dielectric  waveguide  modes  has  been 
directly  and  reproducibly  observed  in  excised  retina  by  Enoch 
(1961,  1967). 

A.  Spectral  discrimination  by  tapered  cones. 

If  one  would  like  to  identify  a  spectroscopic 
principle  wherein  each  cone  can  detect  full  color  information, 
it  is  to  these  physical  properties  of  the  receptors  to  which  we 
must  turn.  Before  describing  some  of  the  relevant  mathematical 
details  of  a  simple  model  for  light  dispersion  by  a  dielectric 
wave,  juide,  wc  first  describe  some  of  the'  qualitative  features 
of  the  phenomena  and  how  a  color  discrimination  mechanism  may 


be  seen  to  arise. 


Light  propagates  in  an  optical  fiber  in  particular 


propagation  modes.  These  modes  correspond  to  particular 
patterns  ot  radial  distribution  of  the  propagated  radiation. 

The  number  of  such  modes  allowed  depends  on  the  physical 
parameters  of  the  light-guiding  structure.  It  depends  on  these 
parameters  in  the  form  of  the  dimensionless  quantity  V,  the 
waveguide  characteristic  parameter  given  by 


where  d  is  the  guide  diameter,  '  the  f roe-space  wavelength  of 
the  incident  radiation  and  n  and  n  are  the  refractive  indices 
inside  and  outside  the  guide,  respectively  (see  Fig.  1).  For 
large  fibers, in  which  V  is  a  largo  number, many  propagation  modes 
arc  allowed  and  if  V  is  large  enough*  particular  modes  cannot  be 
distinguished  and  the  fiber  interior  can  be  fully  illuminated 
corresponding  to  the  geometrical  optics  limit.  As  V  decreases 
the  number  of  allowed  modes  decreases  as  particular  modes  are 
attenuated  or  cut  off.  For  V  less  than  the  value  2.405  only  one 
propagation  mode,  the  so-called  HL-  mode,  is  permitted.  The 
radiation  propagated  within  the  waveguide  in  this  mode  also  is 
rapidly  attenuated  with  a  further  decrease  in  V. 

Noting  that  V  explicitly  depends  directly  on  the  ratio 
of  the  fiber  diameter  to  the  wavelength  of  the  incident  radiation, 
then  as  either  d  decreases  or  A  increases  V  decreases  and  the 
guide  is  more  restrictive  to  the  propagation  of  light.  Thus,  in 
a  conical  fiber  whose  diameter  decreases  along  the  propagation 
direction  of  the  incident  light,  the  fraction  of  light  remaining 
at  iny  given  point  along  the  cone  will  depend  on  its  wavelength 
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(color).  Long  wavelength  light  will  be  attenuated 
more  rabidly  than  will  shorter  wavelength  light.  As  a  con¬ 
sequence  the  color  of  the  light  remaining  within,  the  cone  will 
be  correlated  with  the  axial  position. 

An  easily  visualized  (although  rather  crude)  analogy 
of  this  mechanism  in  that  of  us i  iw  a  hollow  cone  to  measure  the 
diameter  of  spheres  of  different  sizes  (rig.  2a) .  The 
position  at  which  a  sphere  dropped  into  the  cone  will  jam 
against:  the  sloping  inner  wall  is  correlated  with  the  sphere's 
diameter,  the  smallest  spheres  dropping  to  the  lowest  resting 
poi nt  s . 

Of  course  this  analogy  is  not.  exact  and  must  not  be 
taken  too  literally.  There'  are  two  main  differences  between  the 
dispersion  of  light  by  a  die  loot i  i o  cone  and  the  capture  of  a 
ball  In  a  hollow  cone :  (1)  The  cut-off  of  the  propagated  1  iaht 
will  be  "fuzzy",  since  light  o!  a  particular  wavelength  is 
attenuated  as  it  penetrates  the  cone;  and  (2)  the  tapered  cone 
mode-1  only  describes  the  transmission  properties  of  the  cone 
while  the  actual  pattern  of  energy  deposition  within  the  cone 
will  depend  also  on  the  absorbing  photopigment  it  contains  (see 
tie.  2b).  Thus  any  one  photon  capture  event  lit  the  broad 
en.tr  inc<  end  of  the  cone  outer  segment  will  convey  little 
iar  Lon  about  the  color;  it  is  only  the  statistical  distri- 

i>  it  ion  of  )  l  arge  number  of  emturo  events  that  can  lead  to  an 
in:  or-  nee  about  the  spec*  til  list  r  i  but  ion  of  the  incident  light. 
(No to,  iiowo’-er,  that  photon  capture  events  in  the  narrow  distal 
•and  of  the  cone  convey  much  more  in  format  ion,  since  there  is 


only  negligible  probability  that  lonq  wavelengths  will  reach 
t  his  req ion.) 

In  order  that  the  proposed  median  ism  bo  operative, 
the  values  of  the  physical  eha raetc r is t i cs  of  the  cones  must 
fall  within  a  limited  ramie .  A  small  difference  in  these 
parameters  can  make  a  large  difference  in  the  cone's  propagation 
properties.  The  size,  shape  and  refractive  index  of  the 
photoreceptors  have  not  been  measured  with  sufficient  precision 
to  critically  decide1  this  point.  However,  we  shall  see  that  the 
best  estimates  for  the  human  cone  parameters  are  indeed  just 
t  lie  ones  req u i red  for  tile  operation  of  the  model  mechanism. 

In  this  connection  it  is  noteworthy  that  the  retinal 
cone  shape  and  size  goes  through  a  smooth  variation  as  one 
progresses  outward  from  the  central  retina  (Polyak,  1941). 

The  photosensitive  outer  segments  of  the  human  cones  in  the 
central  retina  are  long  and  very  slightly  tapering  cylinders. 
Progressing  outward  from  the  central  area  the  cones  become 
increasingly  broader,  shorter,  and  more  sharply  conical.  For 
color  information  detected  as  a  position-correlated  code,  the 
resolution  of  the  central  cones  will  evidently  be  better  than  the 
rv '(impact  peripheral  cones;  it  is  to  be  expected  that  the 
corresponding  color  vision  of  the  central  retina  will  be  better 
than  that  of  th<-  periphery  as  is,  in  fact,  the  pattern  actually 
observed  in  the  human  oy<  (Moreland,  1972).  In  addition  to  the 
shape  changes  of  the  cones  the  retinal  cone  density  is  also 
smaller  in  the  periphery  than  in  the  central  retina  as  is  the 
number  of  bipolars  per  rone. 


the  number  of  bipolars  per  cone. 

Cell  counting  studies  of  the  retina  (Polyak,  1971; 
Vilter,  1949;  Missoten,  ]972)  reveal  that  there  are  three 
bipolars  per  cone  in  the  central  retina  and  two  per  cone  in 
the  periphery.  This  observation  is  not  consistent  with  multiple 
cone  models  of  color  vision;  it  does  support  the  view  that 
cones  resolve  full  color  information  which  is  reduced  to  a 
limited  dimensionality  only  in  the  process  of  detection,  coding, 
and  transmission  of  this  information  through  the  cone-bipolar 
link.  This  corresponds  well  with  the  observed  approximate 
trichromaticity  of  central  color  vision  and  the  approximate 
di chromat icity  of  the  peripheral  color  function. 

The  obvious  advantage  of  a  system  where  the  dimension¬ 
ality  of  the  spectral  information  is  reduced  only  at  the  data 
processing  stage  is  that  it  becomes  possible  for  the  organism 
to  exercise  control  via  adaptive  mechanisms  over  what  information 
is  extracted  from  that  total  available,  and  thus  to  read  only 
the  most  relevant  information  with  the  maximum  accuracy  with 
which  its  capacity- limited  transmission  channels  are  capable. 

Before  following  the  logical  implication  of  the  model 
and  its  connection  with  the  observable  features  of  human  color 
vision  we  must  examine  the  details  of  light  propagation  in 
small  tapered  dielectric  waveguides. 


B.  Mathematical  Model. 


NOTE:  This  section  of  the  paper  is  to  be  a  summa 

of  the  computational  detail  presented  in  section  4  of  the 
Annual  Report. 
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C.  Requirements  for  the  human  retina  to  utilize  the  proposed 
model 

For  color  information  detected  as  a  position-correlated 
code,  the  resolution  of  the  central  cones  will  evidently  be 
better  than  the  less  compact  peripheral  cones.  It  is  to  be 
expected  that  the  correspond:  m|  color  vision  of  the  central 
retina  will  be  better  than  that  of  the  periphery,  (as  is  in  fact 
observed  for  the  human  eye) . 

For  the  cones  to  detect  the  available  color  information 
through  the  tapered  waveguide  scheme,  the  effect  of  light 
absorbed  at  any  given  point  along  the  outer  segment  must  be 
distinguishable  from  any  other.  That  is,  the  effect  of  light 
absorbed  by  the  outer  segment  must  be  local  and, moreover  the 
local  differences  must  be  detectable.  The  model  would  be 
quite  untenable  if  the  cone  responded  indifferently  to  the 
position  of  light  absorbed  along  its  length. 

In  microoloctrode  measurements  on  single  photoreceptors 
Hagins  and  his  coworkers  (Penn,  Yoshihama,  1970,  1974)  have 
found  that  the  effect  of  light  on  the  photoreceptor  outer 
segment  is  indeed  local.  They  transversely  illuminated  a  12 
micron  length  of  a  forty  micron  long  rat  rod  and  measured  the 
resulting  potential  chances  to  be  confined  in  origin  to  just 
that  portion  illuminated.  While  the  exact  nature  of  the 
mechanism  whereby  light  absorbed  within  a  photoreceptor  is 
converted  into  an  electrical  signal  subsequently  appearing  at 
the  receptor  output  is  still  uncertain  and  is  a  subject  of 
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intensive  research,  the  picture  that  is  beginning  to  emerge 
from  the  e  loot rophysio logi ca 1  studies  is  the  following: 

1.  There  is  steady  current  of  ions  flowing  between 
the  outer  and  inner  segments  of  the  receptor  in 
the  absence  of  light  (dark  current). 

2.  The  sources  of  this  current  are  pores  distributed 
along  the  surface  of  the  plasma  membrane  of  the 
outer  segment. 

3.  When  light  is  absorbed  at  a  photoreceptor  disk,  a 
transmitter  substance  (possibly  Ca++)  is  re¬ 
leased  which  migrates  to  the  pores  and  causes  their 
conductivity  to  decrease  and  thus  decreases  the 
dark  current  contribution  from  the  local  region 

of  absorbance  of  the  incident  light. 

4.  This  decrease  in  the  dark  current  source  in  the 
outer  segment  eventually  appears  as  a  modulation 
of  the  current  or  electrical  signal  output  from 
receptor . 

Given  this  kind  of  elec*  rical  hook-up  for  the 
receptors  the  potential  resolution  of  a  model  discriminating 
color  through  the  kind  of  position-correlated  scheme  such  as  we 
propose  can  bo  no  better  than  the  limitations  imposed  by  the 
spacing  of  the  pores  along  the  receptor  length.  The  more 
widely  spaced  are  the  current  sources,  the  coarser  will  bo  the 
ultimate  resolution  of  the  proposed  mechanism.  The  spacing  of 
the  pores  depends,  of  course,  on  their  number,  and  the  area 
over  which  this  number  is  distributed.  The  number  ol  such 
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conductance  channels  is  unknown.  Estimates  of  photoreceptor 

pore  numbers  are  on  the  order  of  3000  (Yoshikami  and  Hagins,1973) 

5  4 

to  10  (Lebovic,  1976).  Assuming  10  over  the  approximately 

2 

80  u  area  of  the  assumed  fovoal  cone  model  gives  an  interpore 
spacing  on  the  order  of  0.1  . 

A  sensible  estimate  of  the  resolution  of  a  cone 
spectrometer  should  be  the  same  order  of  dimension  as  the  cone 
diameter.  The  ultimate  resolution  of  the  corn's  will  bo  limited 
by  the  amount  of  axial  diffusion  of  the  messenger  released  at 
the  photoreceptor  disks  upon  the  absorption  ot  a  photon.  The 
more  closely  the  position  of  the  appearance  of  the  messenger 
substance  at  the  plasma  membrane  corresponds  to  the  position  of 
light  absorption  within  the  cone,  then  the  more  accurate  will  be 
the  potential  information  on  the  photon  wavelength.  The  axial 
diffusion  of  the  messenger  substance  will  be  limited  by  the  photo¬ 
receptor  disks  acting  as  a  baffle,  although  the  exact  amount  of 
isolation  provided  by  the  disks  is  not  certain.  A  crude  estimate 
of  the  spectral  resolution  obtainable  in  the  proposed  scheme  is 
provided  by  assuming  that  the  entire'  visible'  spectrum  is  read  over 
the  cone  length.  Rosolvinq  the  300  nm  span  (visible  wavelengths 
arc'  roughly  400  to  700  nm)  over  an  outer  soqment  in  which  the  4  0  . 
.length  is  readable  with  a  0.0  ;  resolution  implies  that  typical 
resolvable  wavelonqth  differences  would  be  1/80  of  300  nm,  4  nm. 
The  ultimate  resolution,  if  limited  by  the  0.1  i.  pore  spacing 
would  be  0.7  5  nm .  This  crude'  estimate  is  in  surprisingly  good 

agreement  with  the  known  ability  of  the  human  eye  to  resolve  the 
two  sodium  D  linos  (0.6  nm) .  The  4  nm  estimate  is  in  rough 
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agreement  with  the  typical  spectral  discrimination  of  the 
normal  human  eye.  Wright  and  Pitt  (1934),  for  example,  ex¬ 
perimentally  measured  this  function  and  -  except  for  variations 
of  a  few  nm  between  relative  maxima  and  minima  -  observed  a 
wave  discrimination  function  which  very  broadly  speaking  is 
three  to  six  nm  in  the  range  of  450  to  650  nm  and  increasing 
asymptotically  at  either  end  of  the  spectrum. 

Thus  far  we  have  indicated  that  the  position  of  light 
absorption  in  the  cone  is  potentially  readable  and  that  the 
expected  resolution  of  the  model  mechanism  is  in  accord  with 
the  observations;  it  must  further  be  shown  that  the  available 
color  information  can  be  coded  and  read  in  a  meaningful  way. 

Two  possibilities  immediately  suggest  themselves. 

One  very  elementary  scheme  would  be  a  simple  grouping  of  the 
outer  segment  length  into  three  different  portions,  each  with 
its  separate  output.  There  is  however,  no  physiological 
evidence  for  such  a  grouping  of  the  outer  segments.  In  addition, 
such  a  readout  scheme  does  not  exploit  the  full  potential  of 
tire  available  information,  reducing  it  to  a  trichromatic  scheme 
at  the  detection  level. 

Another,  more  likely  mechanism,  is  the  direct  con¬ 
version  of  the  posi t ion-correl a  ted  information  into  a  time 
correlated  code.  The  basis  for  this  conversion  can  rest  on  the 
fact,  that  it  takes  longer  for  an  electrical  signal,  once  sent, 
to  arrive  at  a  given  point  when  it  is  coming  from  a  more 
distant  sourer.  We  are  not  here  concerned  with  the  time 
it  t  ikes  incident  light  to  travel  the 
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length  of  the  cone  outer  segment,  a  time  on  the  order  of  0.1 
picoseconds  which  is  far  too  small  to  be  resolved  by  the 
retinal  neuralgia.  The  relevant  delay  times  are  those 
associated  with  the  finite  ionic  conduction  times  for  modulations 
in  the  photoreceptor  dark  current  to  traverse  the  length  of  the 
cone  outer  segment.  These  times  are  not  known  but  are  expected 
to  be  on  the  order  of  tens  of  milliseconds  (see  below) .  The 
delay  times  will,  in  any  case,  be  correlated  with  the  color  of 
the  incident  light:  red  light,  being  primarily  absorbed  in  the 
near  or  proximal  portion  of  the  cone,  will  have  the  shortest 
associated  delay  times,  blue  light,  being  the  only  color 
absorbed  at  the  more  distal  narrow  end  of  the  cone,  will  be 
associated  with  the  longest  delay  times. 

In  order  that  the  signals  from  the  cones  be  inter¬ 
pretable  as  color  information  there  must  be  some  reference 
established  to  provide  a  start  time  at  which  the  time-dispersed 
signals  may  be  meaningfully  read.  This  requires  that  there  be 
some  systematic  modulation  of  the  cone  function.  In  principle, 
functions  which  could  be  so  modulated  for  this  coding  include: 
the  light  incident  on  the  cone  photosensitive  segment,  the 
sensitivity  of  the  photopigment ,  release  of  the  transmitter 
substance  within  the  cones,  or  the  effect  of  the  transmitter 
substance  at  the  plasma  membrane  pores.  One  of  these  functions 
which  is  actually  modulated  in  the  human  eye  in  the  manner 
required  for  this  color  vision  model  is,  at  the  input  end,  the 
light  distribution  incident  on  the  cones.  This  modulation  is 
available  through  the  small  amplitude  movement  of  the  eye  whirl) 
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occur  repetitively  even  durinq  fixation.  It  is  known  that  when 
this  motion  is  bypassed  through  optical  stabilization  of  the 
position  of  the  retinal  image,  visual  perception  and 

especially  color  vision  is  rapidly  and  completely  lost  until 
the  retinal  image  motion  is  restored. 

This  phenomena  generally  underscores  an  important 
aspect  of  information  processing  by  the  sensory  neuralgia. 

The  nervous  system  works  particularly  well  at  detecting  changes 
in  input  signals;  it  rapidly  adapts  to  and  subsequently  ignores 
constant,  ongoing  signals?  the  sensory  neuralgia  evidently 
differentiates  the  input  signals  in  the  mathemat ical  sense  and 
'■jro optimized  to  transmit  information  as  the  derivative  of  the 
input  levels.  Information  on  non-chang i ng  signals  is  suppressed. 
Thus  it  is  perhaps  not  surprising  that  visual  perception  is 
lost  when  the  retinal  image  is  artificially  held  constant  (in 
position  and  intensity). 

There  are  three  components  of  the  eye  movements  during 
fixation:  a  high  frequency,  small,  amplitude  tremor;  larger 
amplitude,  less  frequent  rapid  flicks  or  saccades;  and  a  general 
drift  between  the  saccades  having  the  effect  of  keeping  the 
fixation  point  within  reasonable  bounds  despite  the  saccades. 

The  high  frequency  tremor  corresponds  to  motions  of  the  retinal 
image  of  only  one  or  two  receptor  diameters  and  has  frequency 
components  in  the  range  of  something  like  100  hz.  This  motion 
is  probably  the  retinal  analogue  of  the  image'  resolution  enhance¬ 
ment  observed  when  the  two  ends  of  a  coherent  fiber  optics 
bundle  are  synchronously  oscilated  (dynamic  scanning). 
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The  signal  modulation  relevant  to  the  proposed  model 
is  likely  to  be  accomplished  by  the  larger  amplitude  saccades . 
These  very  rapid  flicks  correspond  to  retinal  image  motion  of 
something  like  10  to  15  receptor  diameters  and  thus  have  the 
effect  of  presenting  a  different  portion  of  the  image  field  to 
all  receptors  simultaneously.  Moreover,  while  variable,  these 
saccades  occur  at  typical  repetition  rates  of  something  like 
10  Hz.  These  two  attributes  of  this  motion  component  are  the 
important  ones:  amplitude  large  enough  to  alter  the'  signal  in¬ 
puts  and  a  period  (vlOO  msec)  that  corresponds  to  the  important 
time  constant  for  a  number  of  visual  phenomena.  The  time  scale 
of  roughly  80  to  120  milliseconds  is  central  to  phenomena  (about 
which  we  will  have  more  to  say  in  a  discussion  ol  the  model's 
relation  to  the  experimental  data)  such  as:  differential 
chromatic  latency,  induction  of  subjective  color  with  achromatic 
illumination,  and  brightness  addition  of  a  double  light  pulse. 
The  10  Hz  frequency  appears  to  be  a  resonant  one  for  many  visual 
f  unctions . 

The  mechanism  we  are  suggesting  is  that  the  output- 
signals  from  the  cones  are  regularly  scanned  at  a  frequency  of 
about  1 OH ^  and  the  signal  profile  over  the  100  msec  period  is 
interpreted  as  information  on  the  spectral  distribution  of  the 
incident  light.  This  implies  that  we  must  look  for  the  delay 
(latency)  of  blue  light  roLativc  to  red  light  to  be  on  the 
order  of  100  msec. 

The  phenomenon  of  differential  chromatic  latency  has 
long  been  a  controversial  issue  in  visual  research  since 


different  investigators  have  reported  different  results.  How¬ 
ever  this  issue  may  well  have  been  settled  by  Weingarten  (1972). 
He  found  that  it  is  of  central  importance  to  equate  the 
intensities  of  the  different  spectral  lights  to  properly 
observe  the  different  chromatic  latencies;  a  pr  >oednn •  that 
has  not  been  uniformly  followed  by  previous  i  nv«-st  iu.it<"  rs .  With 
the  hue  substitution  method  Weingarten  four.  .  that  •  <:t  eon 
wavelength  549  ran  had  a  delay  o:  about  25  msec  compared  to  a 
rod  of  621  nm.  Despite  the  disagreement  on  the  results  of  the 
different  measurements  of  chromatic  latency,  one  very  important 
result  about  which  there  is  general  agreement  is  that  the 
chromatic  latency  is  a  monotonic  function  of  wavelength;  not 
groups  of  different  response  times  for  different  cone  classes 
nor  U-shaped  like  the  phototopic  luminosity  function.  Vos  and 
Walraven  (1966)  and  Wal raven  and  Lcebeck  (1964)  found  that  the 
relative  chromatic  phase  delay  was  inversely  proportional  to 
the  wavelength.  This  is  the  result  directly  predicted  by  the 
tapered  waveguide  color  vision  model  for  the  time-dispersion 
method  of  reading  the  positionally-correlated  color  information. 

If  still  remains  to  decide  how  this  temporal  dispersion 
may  be  coherently  utilized  in  a  color  vision  system.  Correspond¬ 
ing  to  some  rather  well-known  properties  of  the  eye  and  the 
psychophysics  of  color  perception  wo  expect  the  following  kind 
of  shemata.  As  previously  mentioned,  there  are  observed  to  be 
three  output  channels  (bipolars)  per  cone  in  the  central  retina 
and  thus  we  expect  to  have  available  three  transmission  lines 


from  each  cone. 
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One  line  probably  carries  intensity  information 
in  a  black-and-whi te  opponent  colors  code.  The  other  two 
channels  should  carry  the  color  information  in  the  expected 
opponent  color  scheme:  a  red-green  (R-G)  output,  differentiating 
the  cone  signals  about  a  wavelength  circa  575  nm  and  a  blue- 
yellow  (B-Y)  output,  differentiating  signals  about  500  nm. 

The  two  color  information  channels  can  operate  by 
differentiating  the  time  sequence  of  the  cone  output  with 
respect  to  their  particular  balance  points  (575  and  500  nm) . 
There  is  substantial  reason  for  deciding  on  those  two  wavelenoth 
as  the  differentiating  points  for  the  two  color  output  channels; 
we  will  expand  on  these  reasons  presently. 

We  have  thus  far  described  a  novel  spectroscopic 
principle  based  on  the  color  dispersion  in  a  near-cutoff  tapered 
dielectric  waveguide.  evidently  the  architecture  of  the  human 
retina  is  consistent  with  the  cones  being  able  to  utilize  this 
principle;  wc  have  further  indicated  that  the  necessary 
apparatus  for  detecting  and  coding  the  available  color  in- 
loi nation  is  present  in  the  eye.  We  now  turn  to  a  comparison 
ot  the  model  with  the  known  data  on  human  color  vision. 

11 J.  COMPARISON  WTTH  THE  EXPERIMENTAL  DATA 

We  undertake  now  in  a  not  necessarily  exhaustive 
fashion,  a  comparison  oi  models,  particularly  the  one  described 
r>'  wit  h  the  experimental  data  on  the  st  rueturc  of  the 

retinal  architecture  and  the  functioning  of  the  human  color 
'•  i  s  ion  system.  For  convenience,  we  m i oh t  organize  the  data 
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comparison  into  three  broad  categories:  (A)  structural  properties 
of  the  receptors  and  retina;  (B)  static  or  steady  state  color 
vision  phenomena;  and  (C)  dynamic  color  vision  phenomena.  In 
the  Table  1  a  list  of  some  of  the  phenomena  is  presented  as  a 
sort  of  score  sheet  comparing  the  proposed  model  and  the  con¬ 
ventional  multiple  cone  typo  models. 

A.  Structure  and  Architecture  of  the  Receptors  and  Retina 

An  obvious  advantage  of  the  proposed  model  is  that,  it 
directly  accounts  for  the  observed  physical  characteristics  of 
the  color  receptors,  particularly  as  distinguished  from  the 
achromatic  rod  detectors.  The  central  point  upon  which  the 
model  focuses  is  the  conical  shape  itself  of  the  cones;  the 
model  provides  for  'he  first  time  an  explanation  of  their 
conical  shape  and  variations  in  this  shape  for  the  different 
retinal  areas.  We  discussed  previously  the  correlation  of  this 
shape  and  changes  therein  with  the  color  resolution  differences 
of  the  retina  : mm  the  central  to  peripheral  regions. 

While  the  color  resolution  of  small  retinal  areas  is 
not  as  good  as  that  of  larger  areas,  the  qualitative  features  of 
the  color  discrimination  function  does  not  change  in  going  to 
tin  smaller  image  size  (Bouman  and  Wal raven,  1972).  Moreover 
color  is  still  resolved  with  such  small  spot  sizes  that  only 
a  very  tow  receptors  are  illuminated  (Polyak,  1941)  and  there  does 
net  seem  to  be  a  minimum  spot  size  for  color  resolution.  This 
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Partial  list  of  various  proport:  it's  of  tho 
human  color  vision  system.  Two  model 
explanat  ions  are  either  consistent  (YES) 
or  inconsistent  (NO)  with  the  phenomena. 
Crises  where  the  models  miqht  or  might  not 
be  consistent  depends  on  particular 
assumptions  (about  photopi aments,  for 
exaiti'  U-) 


A.  Structural  Properties 

!.  C  'nical  shape  of  th..'  color  receptors 

Variat icn  in  cone  shape;  central  and 
periphe;  1 

1 .  Uni fornii ty  of  cones  in  local  regions 

.  No  change  in  color  vision  quality  down  to 
very  small  retinal  imaue  size. 

a.  Disk  renewal  <ii  f  fereucos,  rods  and  cones 


1 1 .  St  a t i o  P he  norne  n a 

: .  Tr ichromatici ty  of  met  a meric  matches 
S t i les-Crawford  Effect  f I 
Liminal  Colour  Di  sc  rimi  nation 
1 .  Observed  photopi c  sensitivity 

Saturation  properties  of  various  hues 
.  Bozo  1  d-Brucke  Effect 
7.  Land  Effect 
k .  Colour  defective  vision 

’  •  Dy n a m i c  Then omo n a 

1.  P revost-Fechner-Benham  Effect;  the  differential  NO  YES 
chromatic  latencies  of  the  electrical  signals 

of  the  retina 

2.  Broca-Sulzer-rieron  Effect  Perceptual  latencies  NO  YES 

3.  P.rucke-Bart  1  ey  Effect  Intensity  variation  with  NO  YES 

intermittent  stimuli  of  different  presentation 

f  roquency 

4.  Ditch fa urn-Ratliff  Effect  Image  movement  on  the  NO  YES 
re  t  ina 


YES  YES 

NO  YES 

*  ★ 

*  * 

NO  * 

★  ★ 

*  YES 

NO  YES 


NO  YES 
NO  YES 


NO  YES 

NO  YES 
NO  YES 
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result  is  at  odds  with  the  concept  of  color  discrimination  by 
the  differences  in  sicjnnls  elicited  for  different  cone  types. 

Younq  (  1  9 6  )  ut:  i  1  i  /.ed  a  rad  ioautoqraphi  c  technique  to 
observe  the  flow  of  radioact ivo ly  taqued  protein  into  the 
receptor  outer  seqmonts.  Such  studies  reveal  that  the  rod 
receptors  underqo  continual  displacement  of  their  internal  disc 
structure;  new  discs  continually  form  at  the  proximal  end  of  the 
outer  segment  and  displace  along  the  lonoth  of  the  segment, 
eventual ly  beinq  discarded  at  the  distal  extremity.  The  cones, 
however,  do  not  apparently  follow  this  scheme.  The-  radioactively 
labeled  protein  does  not  enter  and  move  alonq  the  outer  segment 
as  a  discrete  band,  as  observed  in  the  rods,  but  rather  it 
diffuses  throughout  the  segment  structure.  That  is,  the  cone 
structure  seems  to  remain  intact  and  discs  do  not  underqo  dis¬ 
placement  along  the  receptor  length.  In  the  terms  of  reference 
of  the  model  here  proposed,  this  result  is  to  be  expected;  if 
discs  wore  renewed  and  displaced  bodily  along  the  cone  segment 
length,  it  would  not  be  possible  to  indefinitely  maintain  the 
given  cone  size  and  shajio. 

B.  Steady  State  characteristics  of  human  color  vision 

A  large  number  of  static  or  steady  state  aspects  of 
the  psychophysics  of  color  vision  arc  known  and  have  been 
investigated  at  one  time  or  another.  We  consider  some  of  these 
effects  and  their  relation  to  a  model  of  the  color  discrimination 
process.  We  make  no  claims  that  this  discussion  is  comprehensive ; 
the  field  is  far  too  vast  to  be  so  covered  in  the  necessarily 


limited  space  of  this  paper.  A  rather  general  perspective  must 
be  taken  in  this  discussion;  wo  observe  that  the  proposed 
tapered  waveguide  model  qualitatively  explains  the  observations . 
Detailed  quantitative  agreement  requires  a  model  with  specific 
assumptions  about  the  photopigment  contained  within  the  cores. 

For  the  purposes  of  this  paper  we  are  more  concerned  with  the 
appropriateness  of  the  tapered  waveguide  concept  as  a  central 
aspect  of  color  vision. 

!.  Tr ichromutici ty  of  color  vision  and  cone  photopigments 

Trichromatic  concepts  have  dominated  the  study  of 
color  vision  since  the  time  of  Thomas  Young's  original  suqcestion. 

Support  for  this  stance  has  been  assumed  to  be  provided 
by  color-matching  experiments  in  which  the  eye  is  used  as  a 
comparator  to  equate  the  color  qualities  of  two  adjacent  patches 
of  light.  While  such  experiments  show  that  it  usually  suffices 
to  vary  the  intensity  of  only  three  appropriately  chosen 
primary  colors  to  effect  a  match,  it  does  not  necessarily  follow 
that  the  color  sense  is  three-dimensional  and  specifically  that 
the  apparent  trichromatic  nature  is  a  consequence  of  three  cone 
classes  with  different  photopigments. 

Tn  general  one  cannot  match  a  particular  monochroma t ic 
light  with  any  combinations  of  intensities  of  any  chosen  triad 
of  primaries.  While  the  dominant  hue  can  usually  be  matched,  a 
test  patch  composed  of  three  primaries  cannot  match  the 
saturation  or  purity  of  a  monochromatic  reference  patch.  In 
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general  it  is  necessary  to  add  one  of  the  primaries  to  the 
monochromatic  test  light  in  order  to  desaturate  it.  The  color 
matches  or  metamers  so  obtained  are,  moreover,  variable  from 
subject  to  subject  and  even  for  the  same  subject  the  matches 
are  variable  from  day  to  day.  The  variability  of  the  accept¬ 
ability  of  such  metamers  depends  on  the  degree  of  metamerism; 
the  greater  the  degree  of  metamerism,  that  is  the  greater  the 
disparity  of  the  actual  spectral  content  of  the  two  colors 
being  matched,  then  the  greater  is  the  instability  of  the  match. 

In  addition  the  color  reproduction  prescriptions 
provided  by  such  color  matching  experiments  do  not  translate 
directly  into  formulas  for  producing  desired  colors  in  applica¬ 
tions  such  as  textiles  and  painting.  In  the  final  analysis, 
appropriate  production  of  a  particular  desired  color  can  only 
be  gauged  by  direct  visual  inspection  of  the  final  product  - 
if  the  match  is  satisfactory  to  the  eye  then  it  is  a  good 
match  -  and  cannot  be  predicted  on  the  basis  of  color  matching 
experiments.  These  results  do  not  argue  favorably  for  a  strict 
three-dimensionality  of  color  vision. 

We  have  previously  discussed  the  concept  that  tri- 
chromaticity  may  result  for  reasons  other  than  the  presence  of 
distinct  cone  groups.  In  the  framework  of  the  proposed  model, 
the  approximate  trichromati c i ty  of  color  vision  is  envisioned 
as  being  a  consequence  of  three  output  channels  per  cone.  That 
trichromaticity  is  imposed  only  after  the  detection  stage  allows 
considerable  flexibility  in  the  data  manipulation;  through 
adaptive  mechanisms  the  eye  is  able  to  select  that  most  relevant 
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information.  Additional  support  for  this  view  comes  from  the 
association  of  the  dichromatic  character  of  peripheral  color 
vision  with  the  presence  of  only  two  bipolars  (output  channels) 
per  cone  in  the  peripheral  retina. 

Given  that  no  structural  or  physiological  differences 
corresponding  to  distinct  cone  classes  have  ever  been  observed 
in  the  human  retina,  it  has  been  argued  that  the  differences 
must  be  those  at  the  submicroscopic  or  molecular  level,  i.e.  in 
the  photcpigments  only.  Although  it  would  be  rather  surprising 
for  such  differences  to  evolve  with  no  corresponding  embryo- 
logical  or  physiological  differences  in  the  cones,  there  has  in 
any  case  been  a  concerted  and  longstanding  effort  to  isolate  and 
identify  the  cone  photopigments.  While  the  rod  pigment,  rhodopsin, 
has  been  repeatedly  extracted  from  the  retina,  it  has  thus  far 
proven  impossible  to  extract  any  other  photopigment  that  can  be 
uniquely  identified  as  a  cone  pigment  from  the  eye  of  any  mammal. 

It  is  important  to  recognize  that  even  if  there  were  definite 
proof  that  three  cone  pigments  were  present  in  the  retina,  it 
would  not,  per  se,  constitute  proof  that  color  discrimination  is 
effected  by  the  differential  absorption  properties  of  these 
pigments.  While  existence  of  such  pigments  is  a  necessary 
condition  for  the  conventional  model  of  color  vision  it  is  not 
a  sufficient  condition  to  prove  that  it  is  indeed  the  only 
correct  explanation.  The  model  we  are  proposing,  for  example, 
while  utilizing  the  physical  properties  of  the  cones  for 
spectral  discrimination  does  of  course  require  some  kind  of 
photopigment  to  effect  the  transduction  of  light  into  an 
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electrical  signal  and  while  only  one  photopiqment  is  necessary 
the  model  efficiency  would  be  enhanced  by  utilization  of  at 
least  two  pigments;  that  is,  other  models  are  possible  which 
may  utilize  multiple  cone  photopigments  in  a  secondary  role. 

The  indirect  measurement  methods  of  fundus  reflection 
densitometry  and  single  cone  microspectrophotometry  (MSP)  have 
not  resolved  the  debate  on  the  number  and  distribution  of 
the  cone  photopigments.  While  it  is  not  our  purpose  to  discuss 
these  techniques  in  detail  a  number  of  observations  on  the 
results  of  these  measurements  may  be  noted.  Reflection  densito¬ 
metry  using  protanopic  observers  (Baker  and  Ruston,  1964) 
indicates  that  a  primarily  long  wavelength  absorbing  pigment  may 
indeed  be  missing  although  no  such  evidence  for  a  missing  green 
pigment  in  deuteranopes  has  been  obtained.  MSP  is  a  very 
difficult  technique  and  the  observations  on  human  cone  photo- 
pigments  (Marks,  Dobelle,  and  McNichol,  1964;  Brown  and  Wald, 
1964)  are  at  best  equivocal.  Consider  the  following  points: 

a  .  The  difference  spectra  on  only  11  human  cones  have 
thus  far  been  reported. 

b  .  The  procedure  is  tcchniquely  extremely  difficult 
and  results  for  the  human  eye  are  particularly 
complicated  by  the  rapid  post-mortem  alterations 
of  the  retina  (Eitiene,  1972). 
c  .  The  measurements  are  not  independent  of  the 

transmission  properties  of  the  photoreceptors, 
d  .  Marks,  Dobelle,  and  McNichol,  1964  reported  that 


their  results  seemed  to  indicate  the  existence  of 


cones  containing  both  red  and  green  photo- 
pigments. 

e  .  The  photopigment  absorption  spectra  inferred  from 

the  MSP  measurements  are  rather  unlikely  candidates 
for  trichromatic  color  vision;  the  "red"  photo¬ 
pigment  has  its  absorption  maximum  in  the  yellow 
and  the  separation  of  absorption  peaks  for  the 
red  and  green  pigments  is  quite  small  (on  the 
order  of  30  nm) . 

f  .  The  results  are  not  highly  consistent  and  re¬ 
producible;  when  all  the  measurements  reported  by 
reflection  densitometry  and  MSP  are  displayed  on 
a  single  graph  (Riggs,  1967)  the  absorption 
spectra  do  not  fall  into  three  distinct  classes. 
Such  a  display  reveals  an  essentially  continuous 
distribution  of  broadly  overlapping  absorption 
spectra  with  a  slight  break  toward  the  blue 
wavelength  region. 

This  situation  may  be  contrasted  with  the  results  of 
MSP  measurements  on  Goldfish  cones  (Marks,  1965);  there  the 
spectral  absorption  peaks  do  clearly  fall  into  three  distinct 
groups.  It  has  previously  been  noted  (Walls,  1948)  that  color 
vision  has  developed  independently  several  spearate  times  in  the 
course  of  evolution.  Goldfish  cones  are  structurally  different 


from  human  cones  and  they  do  not  have  the  appropriate  physical 
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parameters  to  utilize  the  tapered  waveguide  mechanism  (at 
least  not  in  the  same  way  as  in  the  human  cones).  That  the 
goldfish  cones  are  la -ger  than  the  primate  cones  has  meant 
that  the  MSP  measuremc  'ts  have.'  been  much  easier  (and  more 
straightforward)  than  :  >r  the  human  cones. 

The  actual  pattern  of  energy  deposition  of  the 
incident  light  along  the  cone  length  depends  not  only  on  the 
transmission  properties  of  the  receptor,  but  also  on  the 
absorption  spectrum  and  location  of  the  photopigments  within 
the  cone.  While  the  tapered  waveguide  model  requires  only  one 
such  pigment  for  the  transduction  of  light  into  an  electrical 
signal,  the  operation  of  the  discrimination  mechanism  would  be 
enhanced  by  the  presence  of  more  than  one  photopigment.  We 
might  indeed  expect  that  multiple  photopigments  would  be  present 
and  play  an  important  secondary  role  in  enhancing  the  operational 
efficiency  of  the  model.  Consider,  for  example,  one  particular 
possibility  for  a  two-pigment  distribution:  a  maximally  long 
wavdength-absorbinq  pigment  concentrated  near  rhe  proximal 
portion  of  the  outer  segment  and  a  maximally  blue-absorbing 
pigment  concentrated  primarily  towards  the  more  distal  portions 
of  the  cone.  Such  a  distribution  would  maximize  the  cone 
detection  efficiency  of  red  light,  which  penetrates  the  cone 
to  only  a  limited  depth.  For  blue  light,  which  travels  the  full 
length  of  the  segment,  such  a  distribution  would  minimize  the 
amount  of  short  wavelength  light  absorbed  and  thus  attenuated 
in  the  near  regions.  This  would  both  enhance  the  amount  of 


signal  cominq  from  tho  distal  portion  of  the  cone  from  absorbed 
short  wavelength  light  as  well  as  decreasing  the  amount  of  blue 
light  absorbed  in  the  proximal  portions  of  the  cone  outer 
segment.  Blue  light  absorbed  in  the  proximal  regions  of  the 
cones  would  convey  intensity  information,  but  not  contribute 
usefully  to  the  color  resolution. 

Plausible  candidates  for  this  two-pigment  distribution 
are  two  rhodops in- 1 ike  pigments  with  peak  absorbancies  at 
wavelengths  around  575  and  500  nrn,  respectively.  There  is  cood 
reason  for  expecting  these  to  be  the  appropriate  choices  : or 
the  pigments. 

Murray  (1963), in  measuring  the  difference  spectra  of 
sonicated  monkey  fovea  1  receptors  (which  attempts  to  circumvent 
many  of  the  difficulties  of  the  single  cone  technique)  found 
evidence  for  two  photopigments  with  absorption  at  576  and 

526  nm  with  approximately  ±  20  nm  uncertainty. 

Rhodopsin  with  absorbance  maximum  at  -  500  nm  Ls 

already  present  in  the  human  retina  (in  the  rod  receptors,  at 
least)  and  would  be  a  logical  candidate  for  the  short  wavelength 
cone  pigment.  The  R-G  and  B-Y  differentiation  of  the  opponent 
colors  coding  are  respectively  around  the  575  and  500  nm  points; 
if  two  pigments  are  present , logical  points  about  which  to 
differentiate  are, at  the  absorption  peaks  of  the  photop j qmont s . 
These  two  wavelengths  are  central  to  a  number  of  color  v i s i on 
phenomena.  They  arc  the  locations  of  the  neutral  point:  in 
dichromates  and  are  the  position  of  the  relative  minima  in  the 
spectral  d  is  cr  im  i  nation  curve.  The  colors  in  the  wavolonqt.h 
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domain  between  500  and  575  nm  have  no  complomentaries  and  this 
region  defines  a  span  within  which  the  Stiles-Crawford  color 
change  departs  from  its  general  pattern. 

2.  Sti les-Crawford  Color  Change  (Effect  of  the  Second  Kind) 
It  is  well-known  that  as  the  angle  of  incidence  of 
light  at  the  retina  is  increased  the  apparent  intensity  de¬ 
creases  (Stiles-Crawford  effect  of  the  first  kind).  This 
effect  is  rather  well  explained  on  the  basis  of  the  transmission 
properties  of  a  dielectric  waveguide  or  optical  fiber  (diFrancia, 

1946;  O'Brien,  1946;  Snyder  and  Pask,  1972).  Stiles  (1937) 
reported  on  a  color  effect  appearing  under  the  same  conditions, 
wherein  the  apparent  color  is  also  a  function  of  the  angle 
of  incidence.  The  effect  is  primarily  that  of  a  shift  to 
longer  apparent  wavelengths  with  increase  in  angle  of  incidence. 
Walraven  et  al  (1960)  suggested  an  explanation  of  this 
phenomenon  on  the  basis  of  pigment  self-screening  effects. 
However,  the  pigment  densities  required  to  model  this  effect 
on  the  basis  of  a  throe- cone  model  of  color  vision  are  much 
too  high  (Enoch  and  Stiles,  1962).  In  addition,  Walraven 
had  to  assume  a  different  form  of  this  effect  for  the  blue 
region.  If,  instead,  one  assumes  that  the  physical  transmission 
properties  of  the  cones  may  serve  as  the  basis  of  color  dis¬ 
crimination,  the  Stiles-Crawford  color  change  may  be  explained 
very  simply,  very  directly  and  (over  most  of  the  spectrum)  very 
accurately.  The  propagation  of  liaht  in  a  dielectric  cylinder 
depends  on  not  only  the  physical  wavelength,  but  the  guide 
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wavelength,  which  is  a  function  of  both  the  physical  wavelength 
of  the  incident  light  and  its  direction  of  incidence.  This 
guide  wavelength  A  is  given  by  the  physical  wavelength  -  and 

g 

the  angle  of  incidence  0  as 

=  A /cos  0 

g 

This  is  simply  the  component  of  the  incident  physical  wavelength 
in  the  direction  of  the  guide  axis.  In  a  physical  analogy,  we 
simply  expect  that  light  not  incident  paraxial  to  the  cones  will 
"jam"  sooner  within  the  confines  of  the  cone  and  not  propagate  as 
efficiently  as  those  rays  directed  along  the  axis.  In  figure  3 
we  make  a  direct  comparison  between  the  original  data  of  Stiles 
(1937)  and  the  very  simple  function  /cos  u.  The  theoretical 
curves  have  all  been  shifted  slightly  and  uniformly  to  correspond 
with  the  eccentricity  of  the  optical  center  with  respect  to  the 
center  of  the  pupil  of  the  test  eye  reported  by  Stiles  (1937)  . 

As  is  evident,  this  very  simple  mode;1  ,  which  assumes  only  that 
color  discrimination  depends  on  the  transmission  properties  of 
the  color  receptors,  provides  a  remarkably  good  fit  with  the 
data,  except  for  the  region  between  575  and  500  nm.  In  this 
region  sec<  ndary  effects  play  an  inqjortnnt  role.  This  indicates  the 
need  for  a  more  precise  calculation  (and  more  experimental  data 
as  well)  on  the  details  of  energy  deposition  in  the  cone  segment 
as  a  function  of  angle.  Such  computation  requires  some 
specific  assumptions  about  the  photopigment  identity  and  density 
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< .  Defective  Color  Vision 

Co  lor  blindness  is  not  satisfactorily  explained  by 
either  the  fusion  01  loss  inorh.m  i  sms  ordinarily  suqciested  within 
the  trichromatic  :  r a newer k  (Malaraman,  1960).  The  proposed 
model  offers  a  simple  and  plausible  scheme  of  accountin'!  for 
the  many  aspects  of  tie  phenomena. 

Our  course  of  deduction  has  led  us  to  expect  the 
pro son co  of  at  least  two  cone  photopiqments  and  two  color  di f fer- 
entiatiiK!  points  on  the  output  channels.  The  important  wave¬ 
lengths  for  both  of  these  categories  occur  at.  the  wnvelenoths 
575  and  500  nm.  With  this  in  mind  we  may  look  at  defects  in 
color  vision  as  defects  in  the  assumed  apparatus  of  the  color 
vision  system.  The  catcaorios  of  color  defective  fision  are  (1) 
"red-areen"  color  blindness  which  is  the  most  common  form  and 
occurs  in  two  dif'erent  typos,  protanopia  and  deutoranopia.  In 
both  cases  the  admens ionnl i ty  of  color  discrimination  appears  to 
be  reduced  from  three  to  two  and  colors  arc  discriminated  only 
as  more  yellow  oi  more  blue  t ha n  a  central  di  f forent. latino  po i  n t 
at  5  Oh  nm  (neutral  point).  (.’)  "Blue-yellow"  color  blindness. 
Much  Less  common  than  case  (11  above  is  the  condition  of 
tritanopia,  which  is  similarly  dichromatic  with  a  neutral  point 
ca.  r  75  nm.  (5)  Monoch  rom i sm .  Extremely  rare  is  the  complete 
absence  of  color  discrimination,  where  the  sped  rum  is  seen 
onl"  as  shades  of  black  and  white.  At  least  two  different  forms 
are  re'-onnized,  rod  monochromism  and  cone  monoch  torn!  sm. 

I n  protanopia  it  is  well  known  that  the  sensitivity 
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to  long  wavelength  light  is  markedly  reduced.  Moreover,  the 
reflection  densitometry  measurements  (Baker  and  Rushton,  1964) 
have  made  a  convincing  case  that  protans  probably  do,  in  fact, 
have  a  missing  red  pigment.  in  the  context  o  •"  the  proposed 
model,  the  absence  of  the  pigment  may  well  have  the  effect  of 
crippling  the  red-green  discrimination  effected  by  differentiating 
signals  about  the  575  nm  point.  Tf  there  are  little  or  no 
signals  output  by  the  cones  corresponding  to  the  proximal 
portion  of  the  outer  segments,  now  devoid  in  this  condition  cf 
the  rod-sensitive  pigment,  we  would  indeed  expect  the  failure  of 
red-green  discrimination  and  the  consequent  dichromacy. 

There  is  no  corresponding  evidence  that,  as  expected 
by  the  trichromatic  theory,  a  green  pigment  is  missing  in 
deuteranopia .  Of  course,  in  the  proposed  mode  1  we  lock  else¬ 
where  for  t.he  difficulty.  The-  likely  mechanism  for  •  ateranopia 
is  a  neural  defect  wherein  the  channel  performing  the  differ¬ 
entiation  about  the  575  nm  point  is  simply  inoperative. 

Conceptual lv ,  this  is  rather  similar  to  the  conventional  fusion 
hypothesis  ordinari lv  forms i  atr  d  in  the  trichromatic  theory. 

A  suggested  vehicle  for  the  tritanopia  defect  is  a 
simple  loss  of  the  discriminating  point  about:  500  nm ,  which  may 
a  rise  from  a  loss  of  the  blue  pigment  or  (more  1  . <e  i  v '  a  neural 
defect  in  the  differentiation  of  the  t  ;me-conv!at.',i  i  n :  orir.a  i  i  on 
about  the  point  corresponding  to  500  nm. 

'ary  few  studiis  1  •  i  nu  for  abnormalities  at  the 
micro seoni c  level  in  the  d i chromat  eye  have  lv  •  n  r>  o  rted.  To 
i  f  rorencos  from  the  normal  appt  a:  nri  li.rv  been  picked 
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up.  In  contrast,  the  few  studies  reported  on  the  microscopic 
examination  of  the  retina  in  the  monochromat  eye  have  revealed 
striking  abnormalities  in  the  retinal  architecture. 

Microscopic  examinations  of  the  monochromat  eye  have 
been  reported  by  Larsen  (1921),  Falls,  Walter  and  Alpern  (1965) 
and  Glickstein  and  Heath  (1975).  These  studies  reported  in  some 
instances  an  abnormally  low  number  of  cones  -  though  some  reported 
a  normal  number  -  but  all  agreed  that  the  cones  were  of  abnormal 
shape.  The  cones  were  variously  reported  as  " short" ," abnormally 
plump,"  'much  wider  than  normal."  If  in  fact  the  conical  shape 
per  se  is  the  mechanism  effecting  color  discrimination,  then 
quite  clearly  color  vision  will  not  be  possible  in  such  cases. 

Presumably,  the  cones*  size  and  shape  in  the  normal 
retina  are  just  those  necessary  to  effect  proper  operation  over 
the  entire  spectral  range.  If  these  cones  are  either  too  large 
or  too  small,  (size  in  the  optical  sense  which  depends  on  both 
physical  diameter  and  refractive  index)/  color  vision 
characteristics  arc  expected  to  deviate  from  the  normal. 

4.  Land  Effect 

Land  (1959)  reported  observing  surprisingly 

good  color  reproduction  using  very  limited  spectral  information. 

He  found  that  visual  scenes  could  be  rendered,  for  example, 
using  just  two  wavelength  bands  (a  long  wave  reference  and  a 
short  wave  reference)  with  the  subjective  appearance  of  the 
full  color  range  yet  present.  The  two  reference  wavelengths 
could  be  separated  by  as  little  as  10  nm  and  a  visual  impression 
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still  be  that  of  the  scene  rendered  in  the  full  range  of 
spectral  colors,  although  the  colors  induced  are  not  fully 
saturated.  The  nature  of  this  effect  clearly  involves  higher 
levels  of  information  processing  in  the  eye-brain  system; 

Walls  (1961)  discussed  the  phenomena  and  concluded  that  it  was 
not  inconsistent  with  adaptive  properties  of  conventional 
trichromatic  color  vision  schemes  (see  Sheppard,  1968) . 

The  effect  illustrates  that  the  eye-brain  system  is 
able  to  synthesize  and  properly  assign  the  full  range  of  colors 
to  a  scene  in  which  the  information  is  recorded  in  a  very 
limited  way;  the  important  information  is  the  relative  contri¬ 
bution  of  either  long  or  short  wavelengths  in  each  part  of  the 
visual  scene. 

While  it  is  surely  remarkable  that  so  little  inform¬ 
ation  is  required  in  this  process,  it  is  significant  that  the 
key  information  (however  compressed)  is  that  of  wavelength 
differences.  This  scheme  is  compatible  in  the  rough  qualitative 
fashion (which  is  our  concern  here)  with  the  proposed  color 
discrimination  mechanism  which  is  optimized  to  detect  wave¬ 
length  differences. 

5.  Some  Other  Static  Characteristics 

In  a  rather  interesting  experiment,  Brindley  and 
Rushton  (1959),  compared  the  subjective  appearance  of  the  color 
of  light  incident  at  the  retina  in  the  normal  physiological 
direction  to  that  incident  at  180  degrees  to  this  direction  by 
passing  light  from  behind  the  eyeball  through  the  sclera.  They 
found  that  there  was  little  apparent  difference  in  the  subjective 
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color  impression  for  the  two  different  directions.  It  has  been 
commonly  assumed  that  this  result  rules  out  color  vision  being 
based  on  waveguide  effects.  However,  as  has  been  stressed  by 
Enoch  (1963),  the  Brindley  and  Rushton  experiment  specifically 
rules  out  the  possibility  of  selective  elements  in  front  of  the 
receptor  outer  segments  mediating  color  discrimination  and  it 
“...does  not  represent  a  definitive  test  of  the  role  of  wave¬ 
guide  effects  upon  vision." 

In  a  tapered  waveguide  the  coupling  of  light  into  the 
guide  will  be  very  inefficient  for  light  incident  in  the  "wrong" 
direction,  however,  that  shorter  wavelengths  will  couple  into 
the  cone  more  efficiently  than  longer  wavelengths  will  remain 
unaltered. 

Without  some  very  detailed  assumpsions  about  the  cone 
photopigments  and  the  specific  workings  of  the  color  information 
processing  mechanism  it  is  not  possible  to  make  a  comparison 
with  such  properties  as:  the  photopic  spectral  sensitivity  of 
the  eye,  the  color  discrimination  function,  and  the  Stiles 
iT-mechanisms .  Our  objective  in  this  study  is  only  an  examination 
of  the  qualitative  aspects  of  the  proposed  model.  A  very  im¬ 
portant  test  of  the  model  would  be  just  that  program  of  making 
the  appropriate  detailed  assumptions  and  looking  for  the 
quantitative  fit.  Unlike  the  three-pigment,  trichromatic  model 
where,  in  principle,  no  unique  triad  can  be  determined  by  such 
a  program  (even  if  that  model  was  the  correct  one)  it  is  not 
unreasonable  to  expect  that  the  correct  unique  set  of  parameters 
may  be  so  determinable  for  the  tapered  waveguide  model. 

Indicative  of  the  promise  held  by  this  model  is  the 
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qualitative  aspect  of  the  two  color  threshold  technique  of  Stiles 
observed  by  Brindley  (1953) .  When  one  attempts  to  isolate  one  of 
the  triad  of  red,  green,  or  blue  by  exposing  the  retina  to  high 
intensities  of  the  other  two  colors,  the  saturation  of  the 
"isolated"  mechanism  was  observed  to  be  a  highly  unsaturated  red 
or  pink  in  the  case  of  long  wavelengths,  a  highly  unsaturated 
blue-green  for  the  middle  wavelengths,  but  a  very  saturated  blue 
or  violet  in  the  short  wavelength  case.  This  is  clearly  the 
expected  result  in  the  proposed  model  where  only  in  the  last 
named  case  (blue  isolation)  is  the  isolated  region  not  accessible 
to  the  red  and  green  lights  used  to  suppress  the  activity  of 
their  respective  portions  of  the  cone. 

C.  Dynamic  Properties  of  Color  Vision 

Multiple  cone  models  provide  little  insight  into  the 
dynamic  properties  of  human  color  vision.  In  contrast,  the 
proposed  tapered  waveguide  model  -  with  the  use  of  assumptions 
that  are  essentially  forced  by  the  nature  of  the  discrimination 
mechanism  itself  -  are  in  accord  with  response  of  the  color 
vision  system  to  changes  in  the  incident  light  signals. 

1.  Differential  chromatic  latencies 

We  have  already  discussed  the  conversion  of  the 
positionally-correlated  color  information  of  a  tapered  cone  into 
a  time  dispersion  of  the  cone  output  signals.  The  pattern  of 
this  time  dispersion  is  dictated  by  the  nature  of  the  color 
selection  mechanism;  long-wavelength  information  is  contained 
in  the  short- latency  electrical  output  of  the  cone  and  short- 
wavelengths  in  the  long- latency  in  accord  with  the  data,  i.e. 


latency  is  inversely  proportional  to  wavelength  (see  above) . 

There  are  some  important  observable  consequences 
of  the  differential  chromatic  latency  which  have  not  hitherto 
been  satisfactorily  explained.  In  one  very  interesting  series 
of  experiments  Ives  (1917)  investigated  the  response  time  of 
the  color  vision  system  by  displaying  to  his  subjects  a  bar 
of  light  which  was  moved  across  their  field  of  view.  He 
compared  the  perception  of  such  a  moving  bar  for  the  cases  of 
a  yellow  constructed  two  different  ways  -  one  a  pure  spectral 
yellow  and  the  other  of  a  mixture  of  green  and  red  combining 
to  form  a  color  matching  that  of  the  pure  yellow.  In  the 
case  of  the  red-green  combination  motion  of  the  test  bar 
across  the  field  of  view  resulted  in  a  color  separation  due  to 
the  differential  chromatic  latencies  of  the  perceptual  mechanism. 
His  observers  saw  the  moving  pattern  spread  to  a  leading  red 
edge,  a  trailing  green  edge  and  the  combined  yellow  remaining 
at  the  center.  For  the  case  of  the  pattern  formed  by  the  pure 
spectral  yellcw,  however,  no  such  dispersion  was  observed  and 
the  test  pattern  remained  uniformly  yellow.  That  is,  although 
the  eye  -  to  a  first  approximation  -  sees  the  two  yellows  as 
matching  (a  metameric  match)  the  two  different  lights  do  not 
elicit  exactly  equivalent  responses  in  the  retinal  receptors. 
While  the  colors  are  metameric  to  a  first  approximation,  they 
are  inherently  distinguishable  and  some  property  of  the 
receptors  must  reflect  this. 

Ives  results  clearly  contradict  the  widely  held 
three- receptor  model  of  color  vision,  but  it  is  just  the  result 
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expected  in  our  proposed  model,  directly  reflecting  the  time 
dispersion  of  the  positionally-correlated  color  information  (red, 
green  and  yellow,  all  having  different  associated  time  constants) . 

The  time  coding  of  color  information  also  plays  a 
direct  role  in  the  Benham's  top  phenomena:  the  induction  of 
the  subjective  perception  of  color  using  only  modulated 
achromatic  illumination  (Polizzotto  and  Peura,  1975;  Roelofs  and 
Zeeman,  1958;  Sheppard,  1968) .  For  repetitively  presented 
patterns  consisting  of  three  components  -  a  neutral  reference 
signal  and  an  on  signal  composed  of  two  parts  one,  of  shorter 
duration  which  is  the  active  component  and  a  longer  duration 
inactive  component  (where  the  difference  between  active  and 
inactive  may  be  of  relative  brightness,  for  example)  -  then 
color  code  is:  1)  red  perception  occurs  when  the  active 
component  is  presented  immediately  after  the  reference  signal, 

2)  green  perception  for  the  active  component  presented  at 
intermediate  times,  and  3)  blue  perception  for  the  active 
component  presented  after  the  bulk  of  the  inactive  portion 
(most  delay  with  respect  to  the  reference  signal) .  This  is  just 
that  code  predicted  by  the  proposed  model: 

2.  Eye  Movements 

The  induction  of  color  perception  by  achromatic 
stimuli  in  this  procedure  is  optimized  for  presentation  fre¬ 
quencies  of  the  order  of  10  Hz.  As  previously  discussed  this 
appears  to  be  a  naturally  resonant  frequency  in  visual  per¬ 
ception.  This  is  roughly  the  frequency  of  the  saccadic  eye 
movements  which  we  have  suggested  is  the  basis  for  color 
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information  processing.  Use  of  time  coding  of  color  information 
in  the  proposed  model  requires  such  a  mechanism  (or  something 
similar)  to  provide  phase  or  reference  information).  It  is 
certainly  to  be  expected  that  the  frequency  of  such  reference 
signals  will  be  central  to  the  dynamic  properties  of  the 
visual  system. 

3.  Brucke-Bartley  Effect 

The  above  aspect  is  further  substantiated  by  the 
variation  of  perceived  intensity  of  intermittent  stimuli:  the 
apparent  brightness  of  flashing  lights  is  greatest  for  the 
resonant  10  Hz  presentation  frequency  (c.f.,  Sheppard,  1968). 

4.  Broca-Sulzer-Pieron  Effect 

The  recognition  of  a  color  occurs  with  greater  delay 
than  the  production  of  the  electrical  signal  in  the  retina 
(differential  chromatic  latency) .  These  perceptual  latencies 
were  measured  by  Ferree  and  Rand  (1924).  They  determined  the 
time  for  the  rise  of  sensation  to  maximum  for  white,  red,  yellow 
green  and  blue  light.  They  found  that  the  perceptual  delay 
varied  systematically  with  wavelength,  with  the  longest  wave¬ 
length  being  the  slowest  and  the  fastest  rise  of  sensation 
occurring  for  the  shortest  wavelengths  and  white  light  having 
the  longest  rise  time  of  all.  That  is,  the  most  information 
processing  time  is  required  for  the  longest  wavelengths  (and 
even  longer  for  white  light) . 

This  phenomenon  too  is  expected  in  the  proposed  color 
vision  model  and  simply  reflects  a  general  limitation  on  any 
spectrometer  constructed  on  the  basis  of  spectral  dispersion 
along  a  tapered  waveguide.  As  previously  noted  signals  arising 


from  light  absorbed  in  the  most  distal  portions  of  the  cones, 
while  delayed  relative  to  signals  from  the  proximal  portion 
of  the  cone,  are  uniquely  correlated  with  short  wavelength 
light.  The  proximal  cone  signals,  while  arising  first  must  be 
associated  with  further  information  processing  to  determine 
the  incident  color  since  all  wavelengths  pass  through  this 
region  and,  depending  on  the  photopigment  present  there,  all 
have  some  probability  of  producing  a  signal  there.  This  means 
that  additional  information  processing  time  (relative  to  short 
wavelength  light)  is  required  for  the  long  wavelength  signals. 
This  information  processing  time  is  long  compared  to  the 
differential  chromatic  latencies  associated  with  the  delay 
in  propagation  time  along  the  length  of  the  cones.  As  a  con¬ 
sequence  this  gives  rise  to  a  reversal  of  the  time  course  of 
the  color  code,  that  is,  the  rise  time  to  maximum  sensation  is 
a  monotonically  increasing  function  of  wavelength  as  opposed  to 
the  electrical  signals  from  the  cones,  which  are  universally 
proportional,  in  agreement  with  the  experimental  observations. 

IV.  EXPERIMENTAL  TESTS  OF  THE  MODEL 

There  are  a  number  of  experiments  that  can  critically 
evaluate  the  accuracy  and  efficacy  of  the  proposed  model: 

(1)  Precise  measurement  of  the  physical  parameters 
and  shape  of  the  retinal  cone  are  needed  for  verification  of 
the  proposed  theory.  In  what  has  been  an  intensive  and  single- 
minded  search  for  the  three  cone  pigments  required  by  the 
conventional  trichromatic  theory  there  has  traditionally  been 
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very  little  importance  attached  to  these  parameters.  To  date, 
very  little  experimental  effort  has  been  expended  to  determine 
the  exact  size,  shape  and  refractive  index  of  the  foveal  cones. 

The  model  calculations  are  consequently  based  on  the  best 
available  and  rather  crude  published  estimates  of  these  parameters. 

(2)  Analog  experiments  can  be  conducted  with  tapered 
optical  fibers  (or  alternatively  with  microwaves  with,  for 
example,  appropriately  scaled  styrofoam  cones)  to  directly 
confirm  the  predicted  dispersion  mechanism.  We  might  also  note 
parenthetically  that  a  spectrometer  could  be  built  and  operated 
on  just  this  proposed  mechanism.  Indeed,  if  one  constructed  a 
tapered  fiber  with  an  appropriate  photosensitive  semi-conducting 
material,  and  repetitively  pulsed  a  read-out  of  photoelectrons 
one  could  electronically  extract  spectral  information  (once 
again,  technology  would  emulate  nature) . 

(3)  The  discriminatory  properties  of  the  proposed 
physical  mechanism  depend  critically  on  the  refractive  index 
difference  b  tween  the  receptor  and  its  surrounding  interstitial 
matrix.  Alterations  in  the  refractive  index  of  the  medium  in 
which  the  rones  are  emerged  will  profoundly  influence  their 
color  discrimination.  If  the  refractive  index  of  the  inter¬ 
photoreceptor  space  is  systematically  altered,  and  the  resulting 
colour  vision  characteristics  of  the  subject  eye  are  determined, 
a  very  sensitive  test  of  the  model  is  possible.  In  this 
connection  we  may  note  that  while  the  pigment  epithelium  is  a 
very  effective  barrier  between  the  plasma  and  the  photoreceptor 


layer,  the  rotina  is  not  so  isolated  from  the  vitreal  side 
(Kuwabara,  1065) .  There  is  thus  the  possibility  of  modifying 
the  refractive  index  in  the  i nl e rphotoreceptor  space  by 
introducing  appropriate'  agents  through  the  vitreal  side. 

We  might  noti  that  the  mace- j olysaccharide- like  substances  in 
the  interphot  orec,  |  t  o(  upu.-f  are  chemically  similar  to  immuno¬ 
globulins  and  in  tins  <'onnt  -t  ion  it  is  interesting  that  Raymond 
(  1974)  reported  obse : \  i n  :  i overs ibi 1 i ty  of  colour  blindness  in 
allergenic  sibjects  niv  n  IgE  hyposensitization  treatments. 

While  Raymond  gave  few  U  f  ills  on  the-'  color  vision  character¬ 
istics  of  his  subjects  this  may  well  be  an  important  line  of 
study  to  pursue. 

(4)  The  energy  deposit  ion  pattern  of  differently 
coloured  lights  within  the  outer  segment  may  possibly  be  in¬ 
ferred  from  a  destructive  testing  technique.  Exposing  the 
primate  retina  to  high-intensity  coherent  light  will  damage  the 
retina  and  if  levels  of  light  are  used  which  are  below  the  gross 
damage  threshold,  it  is  known  that  the  photoreceptor  outer 
segments  are  the  first  portions  of  the  retina  to  show  microscop¬ 
ically  visible  signs  of  damage  (Adams,  Beatrice,  Bidell,  1972). 
The  model  can  be  tested  by  varying  the  output  wavelength  of  a 
high  intensity  light  source  and  looking  for  differences  in  the 
resulting  damage  pi  b terns  as  a  function  of  the  colour.  If  the 
standard  three-pigment,  three-receptor  model  of  colour  vision 
were  correct,  we  would  expect  to  find  only  a  particular  portion 
of  the  cone  population  to  be  damaged  at  the  appropriate 
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intensity  levels  as  the  incident  wavelength  is  varied 
(distinguishable  cone  populations).  In  our  proposed  model,  on 
the  other  hand,  all  cones  in  a  local  area  will  be  damaged  in 
rather  similar  patterns:  long  wavelength  light  primarily  dis¬ 
rupting  the  proximal  portions  of  the  cone  and  short  wavelength 
light  either  damaging  only  the  more  distal  cone  regions  or  the 
entire  length  of  the  outer  segment,  depending  on  the  photo¬ 
pigment  distribution  within  the  cones. 


V.  CONCLUSIONS 

We  have  proposed  a  very  simple  and  straightforward 
model  for  color  discrimination  by  the  retinal  receptors  of  the 
human  eye.  The  proposed  model  depends  for  its  operation  on  the 
physical  properties  of  the  receptors  and  enables  each  cone  to 
individually  act  as  a  miniature  spectrometer. 

The  color  dispersion  of  such  a  spectrometer  is  clearly 
demonstrable  in  principle.  The  model  is  consistent  with  the 
known  structure  and  physiology  of  the  retina.  The  apparatus 
needed  to  make  use  of  the  operating  principle  of  the  model  is 
present  in  the  eye  and  indeed  the  presence  of  these  attributes 
there  is  difficult  to  explain  otherwise. 

The  model  is  not  contradicted  by  any  known  data  and 
even  without  making  any  specific  assumptions  about  the  details 
of  the  cone  photopigments  it  leads  to  a  simple  and  direct 
explanation  of  the  wide  range  of  both  steady  state  and  dynamic 
performance  characteristics  of  human  color  vision.  The 
predictions  of  the  model  are  subject  to  direct  and  critical 
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experimental  tpst. 

The  model  succeeds  remarkably  well  as  a  unifying 
principle  and  brings  together  in  one  simple  and  connected 
explanation  what  has  hitherto  been  a  disparate  collection  of 
observations.  The  model,  of  course,  is  not  complete;  indeed 
it  is  only  a  beginning.  Complete  understanding  of  color  vision 
awaits  understanding  of  the  complete  organism:  the  complex  inter¬ 
play  of  very  sophisticated  elements  comprising  each  individual. 
The  model  does,  however,  appear  to  be  an  illuminating  concept; 
one  which  offers  some  promise  towards  more  complete  under¬ 
standing  of  color  perception. 
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Summary 

This  study  presents  the  topography  as  seen  by  scanning 
electron  microscopy  of  the  rabbit  retina  in  general  and  the 
photoreceptors  in  particular;  and  of  large  laser  lesions  in 
the  retina. 
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There  are  only  a  few  studies  of  vertebrate  retina 
using  scanning  electron  microscopy’"  p  but  none  of  the  rabbit 
retina,  and  none  of  laser  lesions  in  a  retina. 

This  study  explores  the  topography  of  the  rabbit 
retina  in  general,  and  the  photoreceptors  in  particular;  and 
large  laser  lesions  in  the  retina. 

METHODS 

Mature  New  Zealand  black  rabbits  with  well  pigmented 
retinas  were  used.  Immediately  after  lasing,  photographs  of 
the  fundus  were  taken  with  a  Topcon  fundus  camera,  and  another 
photograph  was  taken  prior  to  enucleation;  also  line-drawing 
maps  were  made  of  the  retina  with  the  lesions. 

Details  of  Laser  Exposure  in  Rabbits 

The  laser  exposures  were  carried  out  with  a  flashlamp 
pumped  dye  laser.  The  coaxial  flashlamp  was  typically  run  at 
20  KV  discharge  voltage  and  rhodamine  6G  was  employed  as  the 
active  medium.  The  laser  output  wavelengths  employed  ranged 
from  570  to  600  nm.  (typically  585  nm)  The  output  pulse 
duration  was  0.4  nsec  (FWHM) .  The  beam  diameter  at  the  rabbit 
cornea  was  5.0  mm.  The  laser  beam  divergence  was  4  milli  radians 
and  the  estimated  minimum  spont  size  was  75  microns.  The  retinal 
energy  density  of  the  typical  lesion  studied  in  this  report  was 
on  the  order  of  10J/cm^. 


The  rabbits  were  anesthetized  with  an  intravenous 
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injection  of  Nembutol  and  the  pupils  dilated  with  2%  homatrapine 
hydrobromide . 

Details  of  Tissue  Processing : - 

Lased  eyes  were  dissected  out  and  washed  clear  of 
blood.  They  were  cut  open  at  the  ora  serrata  with  a  sharp 
blade  and  fixed  in  2-5%  glutaraldehyde  +  0.5%  paraformaldehyde 
in  0 . 1M  Sorensen's  phosphate  buffer.  After  thirty  minutes  the 
eye  tissues  were  sufficiently  hardened  to  be  dissected  further. 
The  cornea,  lens  and  vitreous  were  gently  removed  and  the  lased 
areas,  located  with  the  aid  of  maps  and  fundus  photographs, 
were  cut  out  using  now  sharp  blader.  From  many  trials,  it  was 
found  that  2  days  in  the  aldehyde  fixative  and  30  minutes  in  1% 
osmic  acid  in  0.1  M  phosphate  buffer  gave  best  results  lor  SEM 
studies.  The  tissue  was  dehydrated  in  ethyl  alcohols  and  acetone 
and  critical  point  drier  with  CO>.  The  specimen  was  coated  with 
a  20  nm  layer  of  gold  using  a  Technics  Sputter  coater;  examined 
in  a  HH3-2H  Hitachi  Scanning  Electron  Microscope,  and  photo¬ 
graphed  on  Kodak  plus-X  film. 

The  laser  lesions  were  well  above  threshold  and 
sufficiently  powerful  to  affect  the  full  thickness  of  the  retina. 
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Results:  - 

Since  the  impact  of  scanning  electron  microscopy 
is  visual  and  in  order  to  avoid  repetition  and  to  present 
the  material  in  the  most  effective  manner,  the  results  are 
presented  photographically  with  accompanying  captions  in 
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DISCUSSION 

Although  a  good  deal  is  known  about  the  rabbit  retina 
from  light  and  transmission  electron  microscopy9-11,  confirmation 
of  some  information,  and  the  extension  of  our  perceptions  and 
insights  is  provided  by  the  dramatic  impact  of  the  three-dimensional 
type  of  view  obtained  by  scanning  electron  microscopy. 

We  list  some  of  the  more  significant  observations 

be  low . 


The  rod  outer  segments  are  observed  to  be  very  long 
and  uniformly  cylindrical.  The  ciliary  connectives  do  not  all 
lie  at  the  same  level,  so  that  the  outer  segments  are  not  all 
of  the  same  length. 

The  texture  of  the  inner  plexiform  layer  is  so 
markedly  different  from  all  other  layers  that  it  can  be 
identified  with  ease,  even  as  debris  in  laser  lesions. 

Muller  cell  processes  are  known  to  surround  and 
envelope  the  nuclei  of  the  retina1 2-1  ^  but  here  we  see  how 
these  processes  form  a  distinct  nest  for  each  nucleus.  The 
other  surprising  fact  is  that  even  the  considerable  trauma  of 
a  suprathreshold  laser  insult  does  not  explode  the  nuclei,  but 
they  are  extruded  whole  and  discrete  from  their  nests  without 
their  connecting  fibres. 

The  sequence  of  laser  lesions  shown  here  is  from  a 
barely  raised  dome  covered  by  intact  basal  lamina,  to  small 
perforations  in  a  small  hillock,  to  large  open  craters  with 


much  extruded  retinal  debris  over  a  large  swollen  mound. 

Some  of  the  debris  seen  at  the  crater  openings  can 
easily  be  identified  as  variously:  nuclei,  blood  cells  and 
pieces  of  inner  plexiform  layer.  However,  fine  filamentous 
material  is  also  seen  and  we  do  not  yet  know  whether  this  is 
vitreal,  from  the  blood,  or  whether  some  of  it  represents 
healing,  or  even  the  beginnings  of  formation  of  an  epiretinal 
membrane.  This  is  currently  being  investigated.  Some  of  the 
cel lophane- like  membranous  material  seen  is  the  vitreal-retinal 
boundary  layer,  rolled  up  after  being  torn  by  the  laser  impact. 
(Figs.  10,11,13).  The  "beaded  fibres”  (Figs . 15 , 16 , 1 7 )  were 
often  seen  and  we  can  as  yet  offer  no  explanation  of  their 
nature.  This  work  is  in  the  process  of  correlation  with 
transmission  electron  microscope  studies. 
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Fig.  1.  -  Normal  rabbit  retina.  The  vitreal  surface  is 

uppermost.  Some  ganglion  cell  (G)  nuclei  can  be  seen  and 
Muller  cell  processes  (MC)  are  prominent.  The  ganglion  cell 
and  nerve  fibre  layers  are  not  clearly  distinguishable. 

The  inner  plexiform  layer  (IPL)  is  sponge-like  in  appearance. 

The  inner  nuclear  layer  (INL)  is  bounded  by  the  narrow  outer 
plexiform  layer  which  has  distinct  horizontal  processes  (HP). 

The  nuclei  of  the  outer  nuclear  layer  (ONL)  are  smaller  and 
more  numerous  than  those  of  the  INL  and  at  the  bottom  left- 
hand  of  the  picture  can  be  seen  the  photoreceptors.  Note  that 
when  a  nucleus  is  displaced  there  is  left  a  discrete  nuclear 
nest  (NN)  formed  from  Muller  cell  processes. 

x6 , 000 

Fig.  2.  -  Normal  rabbit  rods  including  their  nuclei  (N)  . 

The  inner  limiting  irembrane  (ILM)  can  be  seen  and  also  the  inner 
segments  (IS),  connecting  cilium  (C)  and  the  long  uniformly 
cylindrical  outer  segments  (OS).  Note  that  the  ciliary 
connective  varies  in  its  position  in  the  retina,  and  the  outer 
segments  differ  in  their  lengths. 

xl2, 000 

Fig.  3.  -  Outer  nuclear  layer  to  show  the  "nuclear  nests'  (NN) 
that  surround  the  nuclei. 

x2 1 , 000 
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Fig.  4.  -A  2-day  old  laser  lesion  appears  as  a  more  or  less 
symmetrical  hillock  or  hump,  on  the  uninterrupted  vitreal 
surface  of  the  retina. 

XI, 200 

Fig.  5.  -  The  vitreal  surface  of  the  retina  with  a  2-day  old 
laser  lesion,  showing  small  perforations  in  the  vitreal-retinal 
boundary  layer, at  the  summit  of  the  hillock. 

X2 , 1 00 

Fig.  6.  -  A  7-day  old  laser  lesion  sectioned  through  the 
thickness  of  the  retina.  It  shows  how  the  retina  humps  up  and 
folds  so  that  the  photoreceptor  (PR)  layer  comes  to  lie  in  a 
central  vertical  line.  The  choroid  (Ch)  and  sclera  (S)  can  be 
seen.  The  inner  limiting  membrane  (ILM)  is  very  little  disturbed. 

XI , 200 

Fig.  7.  -  A  2-day  old  lesion  with  nuclei  extruded  from  well- 
defined  openings  on  the  hillock  summit.  Cell  debris, 
erythrocytes  and  some  fibrous  material  are  present. 

X2, 100 

Fig.  8.  -  A  piece  of  retina  with  a  2-day  old  laser  lesion 
that  appears  like  the  crater  of  an  erupted  volcano.  There  is 
cellular  debris  at  the  crater.  Note  the  cut  surface  through 
the  thickness  of  the  retina  which  appears  intact  and 
unaffected  by  the  neighbouring  laser  lesion. 
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Scanning  electron  microscopy  of  rabbit  retina 

Fig.  9.  -  Surface  view  of  a  large  crater  of  a  7-day  old  laser 
lesion  with  red  blood  cells,  nuclei  and  debris  lying  around  the 
edge  of  the  crater. 

X2, 100 

Fig. 10.  -  A  4-day  old  laser  lesion  in  which  the  contents  of 
the  retina  have  poured,  lava-like,  over  the  slopes  of  the 
lesion  hillock.  Membranous  material  (M)  of  the  vitreal-retinal 
border  has  curled  up  and  lies  along  the  hillock  slope. 

XI , 020 

Fig.  11.  -  A  portion  of  Fig.  10  magnified  to  show  the 
cellophane-like  membranous  material  (M)  which  is  probably  the 
curled  up  inner  limiting  membrane.  There  are  nuclei  (N)  present, 
and  also  sponge-like  material  resembling  the  IPL  of  the  normal 
retina.  (See  Fig.  1) 

X6 ,000 

Fig.  12.  -  The  vitreal  surface  of  the  retina  with  two  7-day 
lesions,  the  lower  one  of  which  (arrow)  has  a  largo  crater. 

Note  the  wrinkle-pattern  of  the  dried  vitreal  surface  of  the 
retina,  and  the  general  depression  around  the  unmarked  lesion 
of  the  retina. 

X210 

Fig.  13.  -  A  7-day  old  laser  lesion  (the  upper  one  shown  in 
Fig.  12)  magnified  to  show  the  crater  covered  with  discrete 
extruded  nuclei,  membranous  material  (M),  cell  debris  and 
macrophage  (Mp) . 


X2, 100 


Bessie  Borwein 


15. 


Scanning  electron  microscopy  of  rabbit  retina 

Fig.  14.  -  A  7-day  old  laser  lesion  with  a  large  empty- looking 
crater  and  only  a  few  nuclei  adhering  to  the  hillock  summit. 

Note  the  cracks  in  the  vitreal  surface  at  the  edge  of  the 
crater  (arrows). 

X2, 1 00 

Fig.  15.  -  The  crater  of  a  2-day  old  lesion  shows  a  distinct 
bundle  of  beaded#  fibrous  material  (F)  lying  across  the  centre 
of  the  crater,  extending  from  the  rim.  There  are  numerous 
extruded  nuclei  and  considerable  cell  debris. 

X2, 100 

Fig.  16.  -  The  fibrous  material  (F)  shown  in  Fig.  15  is 
magnified  here.  It  consists  of  loosely  packed,  approximately 
parallel,  strings  or  cords  of  irregular  diameter,  with 
occasional  beadlike  swellings  or  attachments.  Some  nuclei  (N) 
can  be  seen  . 

X6 , 000 

Fig.  17.  -  A  view  looking  onto  the  crater  of  a  1-day  old 
lesion  showing  "beaded  fibres"  (F)  lying  across  extruded 
material  from  the  retina. 
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Introduction 

There  are  a  few  studies  of  the  pigment  epithelium  of 
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the  vertebrate  retina  by  scanning  electron  microscopy  ,  but 
not  many.  There  are  none  of  rabbit  retinal  pigmented  epithelium 
and  none  of  laser  lesions  of  the  pigment  epithelium. 

This  present  work  reports  on  the  appearance  of  normal 
and  lased  pigment  epithelium  of  the  rabbit  retina. 

Until  the  advent  of  SEM  ,  our  mental  images  of 
structures  have  been  based  upon  reconstruction  from  light  trans¬ 
mission  electron  microscopy.  These  often  fail  to  demonstrate 
the  many  facets  of  surface  topography,  and  the  total  appearance 
of  large  structures. 

The  dramatic  three-dimensional  view  by  SEM  obtained 


extends  our  perceptions  of  tissues  and  cells  seen  so  far  only 
by  thin  sectioning. 


2. 


METHODS 

Mature  New  Zealand  black  rabbits  with  well  pigmented 
retinas  were  used.  Immediate] v  after  lasing,  photographs  of 
the  fundus  were  taken  with  a  Topcon  fundus  camera,  and  another 
photograph  was  taken  prior  to  enucleation;  also  line-drawing 
maps  were  made  of  the  retina  with  the  lesions. 

Details  of  Laser  Exposure  in  Rabbits; 

The  laser  exposures  were  carried  out  with  a  flashlamp 
pumped  dye  laser.  The  coaxial  flashlamp  was  typically  run  at 
20  KV  discharge  voltage  and  rhodamine  6G  was  employed  as  the 
active  medium.  The  laser  output  wavelengths  employed  ranged 
from  570  to  600  nm.  (typically  535  nm)  The  output  pulse 
duration  was  0.4  sec  (FV.'IIM)  .  The  beam  diameter  at  the  rabbit 
cornea  was  5.0  mm.  The  laser  beam  divergence  was  4  m  Rad  and 
the  estimated  minimum  spent  size  was  75.  The  estimated  retinal 

energy  density  of  the  typical  lesion  studied  in  this  report 
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was  lOJ/cm  . 

The  rabbits  were  anaesthetised  with  an  intravenous 
injection  of  Ncmbutol  and  the  pupils  dilated  with  21  homatrapine 
hyd  robrom  >. .  ie . 

Details  of  Tissue  Processing; 

I.. .sod  eyes  were  dissected  out  and  washed  clear  of 
blood.  They  were  cut  open  at  the  ora  serrata  with  a  sharp 
blade  and  fixed  in  2-5%  glutaraldehydc  +  0.5%  paraformaldehyde 
in  0.1M  Sorensen's  phosphate  buffer.  After  thirty  minutes  the 
eye  tissues  were  sufficiently  hardened  to  be  dissected  further. 


The  cornea,  lens  and  vitreous  were  gentlv  removed  and  the  lased 
areas,  located  with  the  aid  of  maps  and  fundus  photoaraphs,  were 
cut  out  using  new  sharp  blades.  From  many  trials,  it  was  found 
that  2  days  in  the  aldehyde  fixative  and  30  minutes  in  11  osmic 
acid  in  0.1  M  phosphate  buffer  quvo  best  results  from  SEM 
studies.  The  tissue  was  dehydrated  in  ethyl  alcohols  and 
acetone;  and  critical  point  dried  with  COg  •  The  specimen  was 
coated  with  a  20  nm  layer  of  cold  usinq  a  Technics  Sputter 
roator;  examined  in  a  HI1S  -2R  Hitachi  Scanning  Electron 
Microscope,  and  photographed  on  Kodak  plus-X  film. 

The  laser  lesions  were  above  threshold,  and  sufficient¬ 
ly  powerful  to  affect  the  full  thickness  of  the  retina. 

The  posterior  fundus  was  used  and  only  the  surface 
facing  the  photoreceptors  was  studied.  The  lesions  were 
allowed  to  mature  for  2  to  7  days  and  the  eyes  were  then 
enucleated. 

RESULTS 

The  pigment  epithelial  cells  are  hexagonal  in  shape, 
and  the  cell  boundaries  are  very  clearly  demarcated.  (Figs. 

1,2) .  Microvilli  are  very  abundant,  and  even  when  the  cells 
seem  relatively  denuded  of  microvilli  in  the  lased  cells  (Fig. 

5)  the  microvilli  can  still  be  seen  to  be  present  at  much  higher 
magnifications  (Fig.  10).  Rod  outer  segments  can  be  seen 
embedded  among  the  microvillous  processes  (Fig.  2). 

Two  kinds  of  microvilli  were  observed:  the  usual  long, 
single,  simple  microvillous  process  (Fig.  2)  and  also  broad 
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sheets  of  processes  with  irregular  indented  margins  (Fig.  3). 

However,  under  the  visual  streak,  the  pigment 
epithelial  cells  are  strikingly  different,  in  that  the  cells 
are  smaller  and  the  long  microvilli  are  absent.  The  few  at¬ 
tached  outer  segments  seem  much  stockier  (Fin.  4)  than  those  of 
the  other  areas  of  the  posterior  fundus  (Fig.  1). 

When  lased,  the  pigment  epithelial  cells  seem  to 
retract  or  lose  their  microvilli,  (Figs.  5, 6, 7, 8, 9)  but  at 
higher  magnifications  it  is  seen  that  even  the  apnarently  de¬ 
nuded  cell  surface  has  microvilli  (Fig.  10).  The  difference 
must  thus  be?  one  of  abundance,  density  and,  perhaps,  even  length. 

The  laser  lesions  are  very  clearly  demarcated  and 
circumscribed  (Figs.  6-8),  by  the  relative  paucity  of  their 
microvilli.  In  the  lased  areas,  some  individual  cells  are  seen 
each  one  of  which  has  one  hole  in  it  (6,7,8,11)  . 

In  some  2-day  old  lesions,  a  cap  is  seen  on  some 
pigment  epithelial  cells  (Fig.  9),  which  seems  to  lift  off  and 
is  then  shed  (Fig.  10),  to  leave  the  hole  seen  in  the  cells  of 
the  4-day  old  lesions  (Figs.  6,7,8,11). 

Associated  with  the  lased  areas  there  are  groups  of 
much  smaller  pigment-epithelial  cells  (Figs.  5,6,7).  In  Fig.  5 
abundant  microvilli  can  be  seen  on  these  small  cells.  The  cells 
in  2-day  old  lesions  are  most  denuded  of  microvilli,  and  here 
there  appears  to  be  a  lifting  of  the  cell  apex  (Fig.  10).  In 
the  4-dav  old  lesions  the  microvilli  are  not  quite  so  sparse, 
and  there  are  holes  in  some  cells.  (Figs.  5, 6, 7, 8).  Very  few 
outer  segments  are  seen  attaching  to  the  pigment  epithelium  in 
the  lased  areas  (Fig.  8). 


DISCUSSION 


5. 


Hogan  ct  al  (1971)  state  that  mitoses  have  not  been 
observed  in  retinal  piqment  epithelial  cells  and  that  it  is 
generally  believed  that  they  are  not  replaced  if  they  die,  but 
adjacent  cells  slide  laterally  to  fill  the  space  left  by  a  dead 
cell.  They  suggest  that  the  multi-nucleated  cells  seen  at  the 
periphery  result  from  amitotic  division.  However,  Reese  (1960) 
points  out  that  the  "pigment  epithelium  proliferates  upon  the 
slightest  provocation"  and  it  is  known  to  be  very  reactive  to 
trauma  and  to  proliferate  as  a  consequence  of  trauma.  Wallow 
and  Tso  (1972)  found  proliferation  of  the  RPE  at  the  periphery 
of  and  overlying  malignant  choroidal  melanomas,  and  so  did 
Font  et  al  (1974)  and  Fishman  et  al  (1975). 

Proliferation  of  the  pigment  epithelium  has  also  been 
observed  in  response  to  radiant  energy  damage  (Friedman  & 
Kuwabara,  1968)  to  inflammation  (Frayer,  1966) ;  to  detachment 
(Frayer,  1966;  Machemer  &  Norton,  1968);  to  xenon  photo¬ 
coagulation  (Ishikawa  et  al,  1973)  and  to  laser  irradiation 
(Marshall  &  Mellerio,  1970;  Bresnick  et  al,  1970;  Powell  et  al 
1971) .  Within  four  days  of  lasing  we  found  clearly  demarcated 
groups  of  proliferated  cells  within  the  lased  areas. 

The  transition  between  the  lased  areas  showing  damage 
and  the  normal  pigment  epithelial  cells  was  abrupt  in  argon 
lesions  seen  by  transmission  electron  microscopy  (Marshall  et 
al  1975).  In  the  S.E.M.  view  of  the  lesions  in  this  study  a 
dramatic  finding  is  that  the  laser  lesions  are  very  clearly 
delimited  by  the  surface  appearance  of  the  lased  pigment 
epithelial  cells,  with  their  relative  paucity  of  microvilli.  At 
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low  magnifications  it  appears  that  the  microvilli  have  been 
retracted  or  destroyed.  However,  at  high  magnification, 
microvilli  are  seen  to  be  present,  but  they  are  sparser  and 
shorter  and  almost  completely  absent  on  parts  of  the  cell 
surface . 

We  were  unable  to  locate  holes  in  the  cells  away 
from  the  lased  areas.  The  holes  seem  to  be  a  result  of  laser 
insult,  being  found  in  some  cells  in  all  lased  areas,  and  it 
seems  that  a  cell  'cap'  may  be  shed  to  leave  the  hole  (Fig.  10)  . 
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Fig.  1  -  Normal  pigment  epithelial  cells  facing  the  photo¬ 
receptors,  from  an  unlased  area  of  the  posterior  fundus, 

Showinq  the  hexaqonal  cell  outlines.  The  microvilli  are 
abundant,  and  long  rod  outer  seqments  (ROS)  are  attached  to 
some  of  the  cells,  embedded  among  the  microvilli. 

X5, 400 

Fig.  2  -  Normal  pigment  epithelial  cells,  with  their 
multitudinous  microvilli.  The  individual  cells  can  be  clearly 
distinguished.  Portions  of  rod  outer  segments  (ROS)  adhere  to 
the  microvilli. 

X12 ,000 

Fig.  3  -  Normal  pigment  epithelial  cells  from  an  area  near 
a  7-day  old  lesion.  The  processes  are  of  two  kinds:  long, 
single  microvilli  (MV),  and  broad,  rampart-like  processes  (BP). 

X24, 000 

Fig.  4  -  Normal  pigment  epithelial  cells  in  the  region  of 
the  visual  streak.  These  are  different  from  the  pigment 
epithelial  cells  of  the  posterior  fundus  in  that  the  cells  are 
smaller  and  the  long  microvilli  are  absent  here.  Some  squatter 
outer  segments  arc  seen  (OS) 

X6, 000 

Fig.  5  -  Pigment  epithelial  cells  at  the  margin  of  a  4-day 
old  lesion.  The  cell  outlines  are  clearly  demarcated,  and  the 
microvilli  are  prominent.  There  are  present  a  large  number 
of  very  small  cells  with  abundant  microvilli. 


X5 , 000 
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Fig.  6  -  A  4-day  old  lesion  is  easily  distinguishable  on 
the  pigment  epithelial  surface.  There  are  many  red  blood 
cells  lying  on  the  lesion  surface  among  other  cellular  debris. 
The  pigment  epithelial  cells  in  the  lesion  are  denuded  of 
microvilli.  A  few  holes  can  be  seen  (arrows),  and  also  zones 
of  very  small  proliferating  pigment  epithelial  cells  (arrow 
heads)  . 

XI, 200 

Fig.  7  -  A  4-day  old  laser  lesion  seen  at  the  pigment 
epithelium  surface.  The  more-or- less  circular  lesion  area  is 
distinguished  and  circumscribed  by  the  absence  of  microvilli 
on  the  cell  surfaces.  Some  erythocytes  and  cell  debris  can  be 
seen  at  the  lesion  centre.  There  are  groups  of  smaller  cells 
(arrow  heads), and  there  is  one  hole  per  cell  in  some  of  the 
cells  (arrow) . 

XI, 200 

Fig.  8  -  The  edge  of  a  4-day  old  laser  lesion  showing 
clearly  the  abrupt  transition  from  denuded  pigment  epithelial 
cells  in  the  laser  lesion  to  those  with  abundant  microvilli 
of  the  unaffected  cells. 

There  are  no  attached  outer  segments  in  the  lesion  area, 
in  contrast  to  the  many  rod  outer  segments  seen  in  the  normal 
cells.  Note  the  holes  in  some  of  the  lased  cells  (arrowheads). 

X2, 100 

Fig.  9  -  Pigment  epithelial  cells  in  a  2-day  old  lesion 
showing  caps  forming  on  the  cells.  No  holes  are  present. 
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Fig.  10  -  Pigment  epithelium  cells  in  a  2-day  old  laser 
lesion.  The  microvilli  are  almost  completely  absent  and  some 
cells  appear  to  have  a  cap-like  part  (c)  in  the  process  of 
being  shed.  This  is  possibly  the  manner  of  formation  of  the 
hole  seen  in  the  4-day  lesions. 

Some  outer  segments  (OS)  can  be  seen. 

X12, 000 

Fig.  11  -  A  pigment  epithelial  cell  is  a  4-day  old  lesion 
showing  a  hole  surrounded  by  microvilli.  This  cell  is  a 
mganified  view  of  the  cell  marked  Fig.  7.  Note  the  microvilli, 
which  appear  so  sparse  and  flat  in  Fig.  7,  and  the  red  blood 
cells  ( RBC ) . 

X24 ,000 
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DRAFT  of  paper  entitled  "STUDIES  IN  HUMAN  RETINA  1.  The  so- 
called  normal  areas  from  the  retina  of  an  eye  enucleated  for 
choroidal  melanoma"  by  B.  Borwoin,  et  al  in  preparation  for 
submission  to  Inves t icjntive  Ophthul. 


ABSTRACT 

A  retina  from  an  eye  enucleated  for  choroidal 
melanoma  from  a  47-year  old  woman  was  examined  by  electron 
microscopy.  In  previous  studies  using  retinas  from  human 
eyes  enucleated  for  choroidal  melanoma  there  has  been  an 
implicit  or  explicit  assumption  that  the  areas  not  immediately 
bordering  the  melanoma  are  normal. 

Normal  portions  of  the  retina  were  seen  in  this 
study, but  this  paper  reports  on  the  abnormalities  that  were 
present  in  areas  distant  from  the  melanoma. 

These  abnormalities  include  blood  cells  within  the 
pigment  epithelium,  and  immediately  below  it;  holes  in  the 
photoreceptor  layer;  pigment  bodies  and  phagosomes  within  the 
inner  retinal  layers;  rod  outer  segments  clumping  and  fusinq 
together  in  groups;  small  foci  of  pyknotic  photoreceptor 
nuclei;  and  cystic  pigment  epithelium  with  and  without  prolif¬ 
eration  and/or  degenerating  nuclei. 

Tn  the  great  majority  of  sections  examined,  the 
outer  segment  discs  were  normally  arrayed. 

Many  studies  of  human  retina  and  choroid  have  used 
tissue  from  eyes  enucleated  for  choroidal  melanomas  (1,2, 3,4,5, 
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6,7, 8, 9).  Cohen  (11)  states  clearly  that  he  used  eyes  "removed 
for  reasons  not.  directly  involving  the  visual  function  (e.cj. 
maxillary  car  inoma)".  Frequently  the  cause  for  enucleation  is 
not  qiven  and  the  only  statement  made  is  that  the  eyes  were 
obtained  from  human  patients  following  surgical  removal  (10,11); 
or  the  kind  of  tumour  is  not  speci Tied  (10).  None  of  these 
papers  describe  the  method  ot  ■  r.aclcnt  ion,  which  may  possibly 
affect  the  decree  of  ischuria  to  which  the  retina  is  subjected. 

The  primary  aim  of  our  study  was  to  investigate 
threshold  laser  lesions,  foo  small  to  be  visible  oph thalmo logical - 
1 y ,  in  human  retinas.  In  the  course  of  this  work  we  found  that 
there  wo rc  at-  as  i the  posterior  fundus  remote  from  both  the 
me  I  an.  or.  »  and  ‘  .•.■  laser  lesion  areas  that  were  abnormal,  and 
nearby  wer<_  *  i  zones  showing  typically  normal  structures. 

This  paper  rm  oils  the  abnormal  findings. 

MATERIALS  (.  METHODS: 

A  47  year  old  white  woman  with  normal  6/6  vision 
donated  her  left  eye  which  wa  s  enucleated  by  the  snare  method, 
for  a  choroidal  melanoma,  infero- temporal  to,  and  near,  the 
macula.  The  tumour  was  10  x  5  x  3  mm,  mainly  of  epithelioid 
cells  and  with  a  shallow  serous  retinal  separation.  The  over- 
lying  pigment  epithelium  had  focal  areas  of  proliferation. 

There  was  no  yellow  pigmentation  associated  with  the  neoplasm. 

The  tumour  was  found  in  the  course  of  a  routine  examination 
and  the  patient  did  not  report  any  visual  symptoms. 


Three  to  four  hours  before  enucleation,  argon  laser 
lesions  were  made  in  the  posterior  fundus  around  the  disc  and 
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macula,  ranging  from  50  -  1 000m  spot  size. 

Following  enucleation,  the  pathologist  cut  out  the 
area  of  the  eye  with  the  melanoma,  and  within  half  an  hour  after 
surcjery  the  retina  was  put  into  fixative.  The  delay  was  due  to 
unforeseen  hospital  procedures. 

The  fixative  used  was  phosoohate  buffered  2.5% 
glutaraldehydo  and  0.5%  paraformaldehyde  (0.1M,  ph7.4)  for  four 
hours  and  the  material  was  post-fixed  in  1%  buffered  osmium 
tetroxide  for  two  hours.  The  tissue  was  further  dissected  in 

fixative  and  the  laser  lesion  areas  were  cut  out  with  a  sharp 
blade.  All  the  tissues  were  processed  through  alcohols  to 
Epon  812. 

One  micron  sections  were  cut  and  specific  areas 
selected  for  ultrathin  sectioning.  These  were  stained  with  1% 
toluidine  blue.  Thin  (60nm)  sections  were  stained  with  uranyl 
acetate  and  laed  citrate.  The  sections  were  examined  in  an 
AEI  800  electron  microscope. 

The  areas  of  the  retina  surveyed  were  nasal  to  the 
disc  ;  and  paramacular. 

OBSERVATIONS 

The  great  majority  of  the  nuclei  of  the  outer  nuclear 
layer  were  normal  and  well-fixed  (Fig.l)  but  in  three  separated 
areas,  focal  pyknosis  of  both  rod  and  cone  nuclei  was  seen 
(Fig.  2)  in  cells  with  normal  outer  segments.  In  a  paramacular 
zone,  the  pyknosis  (Fig.  3)  was  associated  with  irregular 
"holes"  in  the  photoreceptor  layer,  extending  from  the  pigment 
epithelium  (which  was  degenerating,  but  continuous,  to  as  far  as 
the  external  limiting  membrane  (Fig.  11). 
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Bruch's  membrane  was  intact  and  uninterrupted  in  all 
sections  surveyed,  even  when  blood  cells  were  present  within 
or  below  the  pigment  epithelium.  Its  appearance  was  normal  for 
the  age  group,  even  when  overlying  abnormal  pigment  epithelium. 
The  variations  seen  were  slight.  These  were  variations  in  the 
amount  and  denseness  of  collagen;  the  abundance  of  coated 
vesicles;  and  the  number  of  tubular  structures  in  the  central 
zone  (Fig.  4).  Drusen  were  never  seen.  The  elastica  did  not 
stain  prominently.  The  endothelium  of  the  choriocapil laris  was 
much  fenestrated  and  showed  wedge-like  thickenings  at  intervals, 
some  of  which  indented  and  even  penetrated  into  Bruch's  membrane 
and  sometimes  seemed  to  interrupt  the  endothelial  basal  lamina 
Membrane-bounded  electron-dense  bodies  with  a  lighter  periphery 
were  occasionally  seen  (Fig.  4)  . 

In  many  areas  the  pigment  epithelium  appeared  classi¬ 
cally  normal  (Fig.  5) ,  and  although  recently-ingested  phagosomes 
were  seen  (Fig.  6) ,  they  were  never  abundant.  Occasionally, 
electron-dense  large  pigment-like  bodies  were  found  to  be 
phagasomes  when  seen  in  very  undeveloped  photographs. 

Abnormal  pigment  epithelium  varied  from  slightly 
cystic  in  the  apical  areas  mainly,  to  cystic  throughout. 

(Figs.  4,6-8).  Even  within  one  block,  in  near  neighboring 
sections,  the  number  and  sizes  of  the  vacuolar  cystic  spaces 
varied.  The  basal  infoldings  were  largely  normal  (Figs.  4,7). 
When  more  severely  af fected  the  pigment  epithelium  lost  its 
polarity,  and  large  and  often  irregularly  shaped  pigmented 
bodies  (Fig.  4)  were  crowded  into  the  basal  portion  (Fig.  8) 


and  the  microvilli  were  retracted.  Some  nuclei  became 
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misshapen  and  there  was  nuclear  proliferation  (Figs.  7-9) 
and  pyknosis  (Figs.  8,  9,  11).  The  basement  membrane  of  the 
pigment  epithelium  was  of  uniform  thickness  and  intact  (Figs. 
4,7-9)  . 

In  some  areas  blood  cells,  mainly  erythrocytes  with 
a  few  neutrophils,  were  found  within  the  pigment  epithelium. 

The  pigment  epithelium  was  vacuolated  and  cystic-looking,  but 
the  outer  segments  and  inner  segments  were  normal  (Tig.  10). 
Where  there  were  "holes"  in  the  photoreceptor  layer  associated 
with  areas  with  blood  in  the  pigment  epithelium  and  below  it, 
the  photoreceptors  around  the  "hole"  were  distant  from  the 
pigment  epithelium,  sparser,  and  some  were  clumped  together  in 
groups  (Figs.  11).  These  "holes"  were  found  in  the  photo¬ 
receptor  layer  only  and  some  of  them  extended  as  far  as  the 
external  limiting  membrane. 

Pigmented  bodies  were  seen  within  the  inner  retinal 
layers.  They  were  mainly  in  the  ganglion  cell  layer  (Fig.  12), 
but  extended  into  the  inner  plexiform  layer,  and  were  sparsest, 
in  small  isolated  groups,  in  the  inner  nuclear  layer  (Fig.  13). 
This  was  observed  in  only  one  zone,  superior  and  nasal  to  the 
disc,  and  near  to  a  laser  lesion,  but  not  within  the  lased  area. 
The  pigment  bodies  varied  in  size  but  bore  a  remarkable 
resemblance  to  those  of  the  pigment  epithelium.  The  cytoplasm 
around  the  pigment  bodies  was  cystic;  there  were  misshapen  and 
pyknotic  nuclei  and  some  were  shrunken  (Figs.  12-14).  In 
Pi  aces  the  cytoplasm  looked  washed  out,  there  were  swollen 
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mitochondria  (Fig.  12)  and  varied  dense  bodies  (Figs.  12,14). 

The  cytoplasm  looked  generally  disorganized.  Structures  strongly 
reminiscent  of  phagosomes  formed  from  recent ly- ingested  outer 
segments  were  seen  in  these  areas  (Figs.  12-15).  When  photographs 
were  underdeveloped,  a  few  more  phagosomes  could  be  identified. 

In  a  paramacular  area,  outer  segments  we re  clumped 
together  in  groups.  Some  were  disorganized  and  disintegrating; 
others  were  normal  (Fig.  16).  Here  some  of  the  inner  segments 
were  swollen  and  contained  swollen  mitochondria.  In  another 
zone  which  was  near  to,  but  not  within,  nor  immediately  bordering 
on  a  laser  lesion,  there  were  normal  looking  outersegments 
clumped  together  in  groups  (Fig.  17).  At  higher  magnifications, 
from  both  these  areas,  these  rod  outer  segments  were  seen  to  be 
fusing  together  in  groups  of  from  two  to  four  by  the  confluence 
of  their  plasma  membranes  (Figs.  18,  19). 

The  calycal  processes  were  small  and  sparse  and  were 
not  seen  regularly  in  cross  sections  of  outer  segments  close  to 
the  inner  segments,  as  expected. 

The  blood  vessels  of  the  retina  seemed  normal  for  the 
age-group,  and  the  "swiss  cheese"  effect  was  not  excessivelv 
developed  (Fig.  20)  . 


DISCUSSION:-  ROUGH  DRAFT 

What  emerges  from  this  study  is  that  normal  and 
abnormal  tissues  were  found  within  this  one  retina,  sometimes 
juxtaposed,  in  areas  distant  from  the  melanoma  and  from  the 
laser  lesions. 

Whether  the  choroidal  melanoma  was  responsible  for 
some  of  the  at  normalities  seen  is  not  certain,  but  it  may  be 
connected  with  the  migration  of  pigment  epithelial  cells  into 
the  inner  retinal  layers,  probably  through  the  holes  seen  in 
the  photoreceptor  layer.  Some  phagosomes  were  seen  in  the 
inner  retinal  layers  and  by  underdeveloping  photographs  with 
pigmented  bodies  a  few  of  these  pigmented  bodies  could  be 
identified  as  phagosomes. 

In  several  studies  of  chloroquinc  poisoning,  pigment 
is  reported  within  *  he  retina.  Smith  &  Benson  (1971)  saw  pigment 
epithelial  cells  in  the  inner  retina  and  these  included  lamellar 
inclusion  bodies,  in  cats;  and  Francois  &  Maudgal  (1967)  saw 
this  in  rabbits;  and  Abraham  (1970),  in  a  '  TEM  study, saw 
pigment  bodies  in  the  inner- retinal  layers  in  albino  rats. 
Bernstein  (1964)  reported  migration  of  pigment  in  the  form  of 
very  large  clumps  into  the  inner  nuclear  layer  in  a  38  year-old 
woman  treated  with  chloro(!Uinc  for  two  years  for  lupus,  but 
Wetterholm  &  Winter  (1964)  saw  very  large  cells  laden  with 
pigment  granules  in  the  outer  nuclear  and  outer  plexiform  layers 


in  a  similar  case. 
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In  retinitis  pigmentosa,  pigment  granules  accumulate 
around  the  blood  vessels  and  in  the  inner  retinal  layers  (Yanoff  & 
Fine,  1975) , (Reese  1960) . 

The  pigment  epithelium  is  well  known  to  be  very  active 
to  trauma,  to  "proliferate  at  the  slightest  provocation"  and  to 
migrate  into  the  retina  if  there  are  breaks  in  the  E.L.M.  The 
pigment  epithelium  overlying  a  choroidal  melanoma  may  proliferate, 
desquamate  and  migrate  so  that  it  will  be  seen  not  only  over  the 
tumor  but  elsewhere,  too  (Reese  1960) . 

We  do  not  know  what  specific  trauma  caused  the  cystic 
reaction  in  the  pigment  epithelium.  It  could  be  lasing  of  the 
eye;  or  the  fact  that  there  were  lesions  near  the  macula  (Frisch, 
Schwaluk  &  Adams)  or  the  effects  of  the  choroidal  melanoma. 

Wherever  there  was  blood  in  the  pigment  epithelium 
and  holes  present  in  the  photoreceptor  layer  the  pigment 
epithelium  was  cystic,  to  a  greater  or  lesser  degree. 

In  many  forms  of  trauma  the  melanin  granules  withdraw 
from  the  optical  villi  and  the  general  polarity  of  the  cell  is 
lost  (refs.  ),  as  we  see  here. 

The  clumping  and  fusing  of  the  outer  segments  in  qroups 
of  2  -  4  has  not  been  previously  reported  but  organelles  in 
general  are  known  to  coalesce  under  trauma  (ref.  ). 

There  are  holes  seen  in  the  photoreceptor  layer  but 
it  is  noteworthy  that  the  pigment  epithelium  is  neither  torn  nor 
detached.  The  presence  of  blood  cells  may  be  due  to  surgical 
trauma  but  no  similar  reports  were  found  in  the  literature  of 
other  melanoma  retinas  (refs.  ).  No  tears  were  seen  in 
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Bruch's  membrane  but  there  must  have  been  some  to  enable  the 
blood  to  pass  from  the  choriocapi 1  laris ;  or  else  the  blood  would 
have  to  have  come  from  inner  retinal  vessels  which  seem  more 
unlikely. 

In  subthreshold  laser  lesions  the  pigment  epithelium 
shows  (Adams,  et  al)  condensation  nd  thickening  of  microvilli, 
loss  of  pigment  granules,  condensation  of  smooth  endoplasmic 
reticulum  and  increase  in  lysosomes.  There  was  associated 
disorganization  in  the  outer  segments,  shrinkage,  separation 
from  each  other,  retraction  from  the  pigment  epithelium  and 
disarray . 

Why  are  the  calycal  processes  not  prominent?  Others 
illustrate  them  in  human  retinas  (Hogan  et  al) .  It  is  possible 
that  they  withdraw  or  are  destroyed  in  response  to  trauma. 

No  matter  what  observations  were  seen  in  the  pigment 
epithelium  and  the  other  retinal  layers,  Bruch's  membrane 
remained  normal  in  appearance. 


L 


REFS: 


10. 


1.  FINE,  B.S.  Limiting  membranes  of  the  sensory  retina  and 

pigment  epithelium.  Arch.  Ophthal.  66:  847-860,  1961 

2.  HOGAN,  M.J.  and  J.  Alvarado  Studies  on  the  human  macula  IV. 

Aging  changes  in  Bruch's  membrane  Arch.  Ophthal. 

77:  410-420,  1967 

3.  GARRON,  L.K.  The  ultrastructure  of  the  retinal  pigment 

epithelium  with  observations  on  the  choriocapil laris 
and  Bruch's  membrane  Trans.  Am.  Ophthal.  Soc.  61: 
545-588,  1963 

4.  MIKI,  H.,  M.B.  Bellhorn,  and  P.  Henkind,  Specialization  of 

the  retinochoroidal  juncture.  Invest.  Ophthal.  14: 
701-706,  1975 

5.  SPITZNAS,  M.  &  M.J.  Hogan,  Outer  segments  of  photoreceptors 

and  the  retinal  pigment  epithelium.  Arch.  Ophthal. 

84:  810-819,  1970 

6.  BAIRATI,  A.,  N.  Orzalesi,  The  ultrastructure  of  the  pigment 

epithelium  and  the  photoreceptor-pigment  epithelium 
junct  ion  in  the  human  retina.  J.  Ultrastr.  Res.  9: 
484-496,  1963. 

7.  LERCHE,  W.  Licht-und  elektronenmikroskopische  Beobachtungen 

uber  die  Einwirkunq  von  Argonlaser  stralen  auf  das 
Pigmentepithel  der  anliegenden  menschlichen  Retina. 

Albr.  v.  Graefes  Arch.  klin.  exp.  Ophthal.  187:  215-228 
1973. 

8.  LERCHE,  W.  Elektronenmikroskopische  Untersuchungen  uber 

Struktur  veranderungon  im  Pigmentepithel  der  menschlichen 
Retina  Albv.  v.  Graefes  Arch.  klin.  exp.  Ophthal. 

189,  323-338,  1974. 


11. 


9.  FEENEY,  L.J.  J.A.  Grieshaber  and  M.J.  Hogan,  Studies  on 

Human  Ocular  Pigment,  535-548,  In:  Rohen,  J.W.,  The 
Structure  of  the  Eye  TI  Symposium  Stuttgart,  1965, 

F.K.  Schattauor  -  Verlag. 

10.  DOWLING,  J.E.  and  B.B.  Boycott  -  Neural  Connections  of 

the  Primate  Retina  p.  55-68.  In  Rohen,  J.W.  The 
Structure  of  the  Eye  II  Symposium.  Stuttgart  1965. 

F.K.  Schattauer-Ver lag. 

11.  YAMADA,  E.  Some  structural  features  of  the  fovea  centralis 

in  human  retina.  Arch.  Ophthal.  82:  151-159,  1969. 

HOGAN,  M.J.,  J.A.  Alvarado  and  J.E.  Weddell,  chapter  8 

Choroid  Histology  of  the  Human  Eye,  320-392  Pluta 
London,  Toronto,  W.B.  Saunders  Co.,  1971 
KROLL,  A . J .  Experimental  central  retinal  artery  occlusion 
Arch.  Ophthal.  70:  453-469,  1968. 

SHAKIB,  M.  Ashton,  N.  1966  Part  II  Ultrastructura 1  changes 
in  focal  retinal  ischaemia.  Brit.  J.  Ophthal 
50:  325-384,  1966. 

WEBSTER,  H  F.  &  A.  Ames  3rd.  Reversible  and  irreversible 
changes  in  the  fine  structure  of  various  tissue 
during  oxygen  and  glucose  deprivation 
J.  Cell.  Biol.  26:  885-909,  1965. 

SMITH,  R.S.  &  Benson,  F..L.  Acute  toxic  effects  of  chloroguire 
on  the  cat  retina;  ultrastructural  changes 
Invest.  Ophthal.  10(4)  237-246,  1971  (migrating  PE. 


lamellar  bodies  GC) 


12. 


ROBISON,  W.G.,  T.  Kuwabara  &  D.G.  Cogan  -  Lysosomes  & 

melania  granules  of  the  retinal  pigment  epithelium  in  a 
mouse  model  of  the  Chediak-Mipashi  Syndrome.  Invest. 

Ophthal.  14(4)  312-317  1975. 

SPITZNAS,  M. :  Morphogensis  and  Nature  of  the  pigment  granules 
in  the  adult  human  retinal  pigment  epithelium  (melania  ) 

Z.  Ze  sch  122:  378-388,  1971. 

FRAYER,  W.C.  Reactivity  of  the  Retinal  Pigment  Epithelium: 
an  experimental  and  histophathologic  study.  Trans.  Am. 

Ophthal.  Soc.  64:  586-643,  1966. 

HOGAN,  M.J.  Role  of  the  retinal  pigment  epithelium  in  macular 

disease  Trans.  Am.  Acad  Ophthal.  Otolarg.  76:  64-80,  1972. 
MACHEMER,  R.  Experimental  retinal  detachment  in  the  owl  monkey 
II.  Histology  of  retina  and  pigment  epithelium  Am.  J. 

Ophthal.  66:  396-410,  1968. 

TSO,  M.O.M.  and  E.  Friedmen,  The  retinal  pigment  epithelium. 

I.  Comparative  Histology.  Arch.  Ophthal.  78:  641-649,  1967. 
TSO,  M.O.M. ,  I.H.L.  Wallow  &  J.O.  Powell 

Differential  susceptibility  of  rod  and  cone  cells  to  argon 
laser  Arch.  Ophthal.  89:  228-234,  1973. 

FRIEDMAN,  E.  and  T.  Kuwabara  The  Retinal  Pigment  Epithelium 
IV.  The  damaging  effects  gradiant  energy 
Arch.  Ophthal.  80:  265-279,  1968. 

HAM,  W.T.  Mueller,  M.A.,  Goldman,  A. I.,  Newnam,  B.E.,  Holland,  L.M. 
Kuwabara,  Y.  Ocular  hazard  from  picosecond  pulses  of  Nd : YAG 
laser  radiation.  Science  185:  362-363,  1974. 


L 


13. 

GLEISER,  C .  A .  ,  Dukos,  T.W.,  Laww  i  1 1 ,  T.,  Read,  W.K.,  Bay,  W.W. 
and  R.S.  Brown,  Ocular  Changes  in  swine  associated  with 
chloroquire  toxicity  Am.  J.  Ophthal.  67-399-405,  1969. 

REESE,  A.B.,  The  role  of  the  pigment  epithelium  in  ocular  pathology 
Am.  J.  Ophthal.  50:  1066-1084,  1960 

KROLL,  A.J.  and  R.  Machemer  III  E.  microscopy  of  retina  and 
pigment  epithelium.  Am.  J.  Ophthal.  66:410-427  ,  1968 

FRANCOIS,  J.  and  Maudgal,  M.C.  Experimentally  induced  chloroguire 

/ 

retinopathy  in  rabbits.  Am.  J.  Ophthal.  64:  886-893  1967 

BERNSTEIN,  H.N.  and  Ginsberg,  J.  Archives  Ophthal  71:  238-245, 

1964.  The  pathology  of  chloroguire  retinopathy 
WETTERHOLM,  D.H.  and  F.C.  Winter  Ilistopathology  of  chloroguire 
retinal  toxicity.  Arch.  Ophthal.  71:  82-87  1964. 

ABRAHAM,  R. ,  R.J.  Hendy,  Irreversible  Rysosomal  damage  induced 
by  chloroquire  in  the  retinas  of  pigmented  and  albino  rats 
Exp.  &  Mol.  Path.  12:  185-200,  1970. 

ADAMS,  D.O.,  E.S.  Beatrice  and  R.  Bruce  Bedell 

Retina:  Ultrastructural  alterations  produced  by  extremely 

low  levels  of  coherent  radiation.  Science  177:  58-60,  1972 

YANOFF,  M  and  FINE,  B.,  Ocular  Pathology,  1975,  Harper  &  Row 
p.  438. 

FRISCH,  SchwaLuk  and  Adams,  Nature,  248:  433-435,  1974. 


2'! 


PROPERTIES  OF  ELECT  PuMAON  FT  I  C  RADIATION 
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SUMMARY 

Although  the  elect  ronuvmet \c  spectrum  extends  over  m.  re  thin  thirty  orders  -  f  ir.a«:r.i  t  -  le  that  j^rtion  of  it 
now  dominated  by  the  l-A.-F'R  only  : \  i-  s  :•  ur.  :♦  .  this  range  that  .ill  i : :  *•  I  r .  ■  •  are 

Affected  by  light,  in  ;  .ittu:ul.tr  t  »■>•••  1.1  .-  •  :.»r  «  .-*■  }  I  y  it.  Ir.  this  tui-  t  :  jsi 

principles  dealing  with  eli'ctn.r.iqi.et  i.  r  at :  .»:»•  :  i .-  us..-d  pat  t  icui  ar  ly  .is  they  r«  l.itf  to  the 

development  of  the  LAT f'K . 

1.  INTERACTION  OF  LLi  '  TR-  MA  "St  7  I RAM  ATI  N  WITH  LIVING  SYDTEMN  . 

From  the  bcqmnr.n  of  time  the  mtr  r  a :  r.  f  t  r<  r  agr.et  10  radiation  -  light  -  w 

molecules,  and  eventually  large  r  iv. ..i  I  iy  .  ;m?j  .t:.t  r«  1«  cal  e.  1-d  to  lit*- 

know  it  today.  Until  this  last  -ry  t  •  r  ••  h»j  :  :  ••{  m  e  :i: :  i  J  f  r  ;  ur  :.-rwo*;.  to* 

from  extraterrestrial  and  :  rc  ~.  r..u  .zal  ur  a:.  1  w-.ti;  i  iv;:.  i  vit*-s-.-  .  N 

of  man  has  led  to  the  riuveK-i  m.er.t  c :  -..-s.*1  .  :  it:.  i*  w.\;.:i  r :  r  r  ;■  w  j  • 

through  radio,  radar,  ir,frai*-a,  vis.;.  •  •  x-r.,.-  .-i. .  ::*•  •  .  ’  ; 

Particularly  dangerous  is  the  new  light  ..  t  IA  !  R ,  whi  :.  *h:  ■.  i!..-  ::  : 

magnetic  spectrum  wr.i.-h  iir  lu  :•  visit--*  •  »';.»*  .  r  .•  :  .  i . 

when  the  energy  contained  in  tn»-  r  i  t;  r.  m.j  f  :  -.«•?. t  •  d*. ..»*,<  i  :  • 

transfer  enough  heat  energy  t*  i  :i.,.»l  i  v-t*-  •>  :  •  v.lr.er.*:  1-  s  t  .  ..  * 

boil.  If  sufficient  energy  is  d*.q*,-.  it--  t  tv  a  y.-iy  .  :•  »;r,>  a  r-  .  .  .» 

develop  which  literally  shatters  trie  system  a.  ♦  ::*.-  i  r  |  »  t  .  f  a  S  .  i «  t  .»  - 

In  this  first  lecture,  I  will  discuss  the  entire  el*  -  tromameti-  jje-trun  with  parti-  .iar  attention 
given  to  that  part  of  it  that  w«-  .  un  .-e*  ,  r:.«-  v:  re  non,  -if.  --  1  .  as  ' .••  t  hat  ■,  ut  w-..  r.  *  the 

far  red  or  infrared,  the  heat  j*-rt  *or.  .>t  tr*-  : :  *•  t  r..-.,  .i:.d  the  :.u  vn  let,  ,x  Mtruv:.  l*-t.  -  the  rojicn 
that  we  normally  associate  with  Suntan:  ::.;  an:  s km  ;.»n:«-r. 

Although  elect  roragnet  ic  radiati'n  of  all  f  re  :ui>r.-:ivs  falls  ur<-n  the  earth,  the  1  n-ri  here  ir,  which  wr 
live  is  shielded  on  the  vulct  end  of  the  e.-*  r  uir  frim  ult  ra-vic.let  raciiti-  !-.  by  an  o?..  r.e  l.*v«-i  of  the 
atmosphere  which  exist-  between  ai.d  V.:l  a:  ov  the  eatth  *:ur  su-.h  sli  u 

haps  in  jeopardy  an,  a  result  of  the  :  -.'.ut  ants  d:.r:  «•  :  th.-re  ty  su;.-»:  .i;i:  ts.-ir.r;  its  ar.  i  i:-m.  ray 

cans.  Similarly  we  ar*'  not  l<  lied  » ri  .:r  own  ’-.uers,  because  of  the  ahr.cipt.  son  of  fat  inflated  rvdi.it:.  n 
by  the  water  vaj-our  :r.  our  atmi.*s;  hen- . 

Most  vortohrat.-s  see  radiation  with  u-avel *-r.gt hs  between  3P0  ard  'TDii  nanometers  (1  nr:-l'~V  1  milli¬ 
micron,  10  H)  while  the  flux  f  t  idiiticr.  in  which  they  live  lies  between  340  ur.d  ll-.O  n.inor>eters  i  r.m)  . 
Some  insects  are  sensitive  t-»  and  car,  ..ee  a  M  <•:  t.hic.  i . uJi.it  :on.  However,  we  normally  dt  r.-.-t  c.-rsi.ier 
that  man  can  s*-e  in  the  nlttaviolet  ar..l  ir.f  rated,  1  »•  jus*.-  of  the  M  scrption  <-f  these  ra.iiat;  ':.s  tr.  the 
cornea  and  eye  fluj  H  -w.  vet,  if  the  ia.i;ati  n  :r  inter.,  e  enotiih,  not  all  of  the  radiation  is  ah  re  t  bed 

before  it  reaches  t:.*»  retina.  As  a  result,  he  ..in  jer -t.-ive  Kn.liat:.-r.  with  w.ivel*  :.  Hht;  short*  t  than  u".o  r.m 
and  in  excess  of  1  '?  nr.  This  irv.-lul*-:  all  .-f  that  portion  ot  the  electromagnet  i .-  spectrum  where  photo¬ 

synthesis  and  phot  ntis-  P  gy  tak*1  place. 

It  is  not  surprising  that  the  powerful  new  ligh.t.  source,  the  LATER,  has  been  developed  through  this 
portion  of  the  elect* oma  met  ic  spei  ti  in,  sm.-o  the  .»?  r.i  e  l  mole,  ulur  p  rocesses  which  rake  p«'t.sihlc 
LATER  action  Jie  the  s.ime  proce  i  ::vo  ]  v  i :: ;  J  -  ‘  at  irr.al ,  v;r  rational  and  rl*-  t  romc  exultation  of  atoms, 
molecules  and  ions,  as  are  involved  in  lire  p-r*' .  *'-.-. i  ». . 

As  we  consider  the  radiation  f  ren  varic-gs  parts  .  f  the  elect  rcna-.Jhet  i  c  -g-cctrun  and  the  power  avail¬ 
able  from  difterent  sources,  it  is  i-,  *-:t.i:it  that  all  of  -:s  fr.m  many  f  e:  t  -if  J  J  .••h  a  comrvr.  refett-nco 

point  -  since  it  is  unfortunate  *}-.at  e  ».  h.  field  r:.  u:a:*’.  .1  specific  set  of  -..nits  that  lest  fits  the 
ccmnuni ty -  Many  of  these  are  hyl'red  and  thus  eve:,  r.  re  c-'r.f u^ing. 

Let  me  suggest  tha:  the  MKf>  (meter,  kil.vrram.  ?e..vn,1)  system  he  used.  To  facilitate  this,  consider 
the  definition  and  e  ju  i  val  rn<~i  es  for  a  tew  things: 

Wavelength  X  of  light  in  na;:>jret*vs  inm’.  Id  1  meters  is  equal  to  1  millimicron  (nul 

or  10  Anqstrum  im) 

Energy  F  in  joules  is  equal  to  IT  erqs. 

Energy  F  in  electron  volts  trV?  is  equal  to  l.fc  x  10  ' 1  joules 

2  3. Or.  kca  1  mole  . 

Power  J  in  warts  is  equal  to  joule. 'second. 

2.  ELECT ROMAO N F T I C  WAVES 

Wave  motion  in  a  string,  or  the  ocean,  or  a  soundwave  in  air  is  generated  by  a  movinq  (vibrating)  ob¬ 
ject.  Similarly,  an  e  1  rot  r  .magnet  j,  wave,  like  any  th.-r  wave  rot  i  n,  is  developed  by  •ri:.dic  nx-tion, 
t^is  time  of  an  electrically  charge  J  particle,  e.;.,  an  ••  ir.  t  ion .  An  ei«>..  trie  field  naturally  exists 
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around  an  electron.  As  it  moves  and  its  velocity  rapidly  changes,  an  oscillating  electromagnetic  field  la 
generated,  and  an  electromagnetic  wave  is  produced  which  has  l«,t  h  an  electric  and  magnetic  cungior;enc 
transverse  to  the  direction  of  propagation  of  the  wave.  in  fig.  1,  1  show  schematically  an  electro¬ 
magnetic  wave  propagating  in  the  z  direction  with  the  velocity  -A  light.  The  wave  is  f. lane  jolarized 
where  both  the  electric  and  magnetic  vectors  oscillate  normal  to  one  another  and  in  phase.  The  plane  of 
polarization  of  the  w^ve  is  characterized  by  the  plane  in  which  the  K  vector  lies. 


the  x-direction. 

The  spectrum  of  electromagnetic  radiation  is  very  extensive,  reaching  from  extremely  long  waves,  which 
have  wavelengths  that  are  thousands  of  kilometers  lonq  to  very  high  energy  cosmic  rays  with  wavelengths 
much  Smaller  than  the  diameter  of  a  nucleus,  1  ’  '  m.  The*  notion  of  a  classical  oscillation  of  charge  as 
an  electromagnetic  wave  generator  l reaks  lew:,  as  *he  wavelength  of  the  emitted  radiation  approaches  the 
size  of  the  atom.  Id  ‘‘m.  For  raJ'.ati.n  which  m  dudes  the  vi:  !•  :art  of  the  spectrum  we  have  to  con¬ 
sider  an  atomic  or  guantun  i 3  \  it  -r  rv«-rruM  by  vry  *g  e.  i,il  i  Indeed  I.V5.KJ  are  based  upon  the 

quantum  picture  of  nature  where  w»\vm  lie  i  articles,  that  i ...  :  r  .  and  phctor.s  are  waves.  For  the 
moment  let  it  suffice  to  say  that  within  t -»:•.*  urn.  jictuto  t!a  energy  >  t  the  jhoti-n  (a  quantum  of  energy) 

is  directly  proportunal  to  the  frequency  v  -  f  the  oscillating  charge 

E  -  hv 

where  tie  constant  cf  proportional! ty  h  is  Planck's  constant,  f.6  x  10  ,k  }oule  sec. 

The  relationship  between  the  velocity  ■  :  pr-g  a  ;..«t  i”n  *•?  an  eject  rema  met  i'  wave  in  vacuum,  c*  and  the 
frequency  of  the  or  ~i  11  ati.m  v  iliertz,  »iz  ■:  • an*  the  wavelength  of  the  propagated  wave  \ 

(meter si  is  a  simple  one, 

c  ■  Av. 

The  velocity  of  light  c  has  magnitude  of  t  x  1  '  r  sec.  Although  all  other  waves  require  propagation  with¬ 
in  a  medium,  el ect ronaure-t  i  waves  ;  r  q  agate  w;thir.  »  vacuum  with  a  *jnt  velocity  throughout  the 

entire  electromagnetic  spectrum.  I!  wevi  i  ,  it  the  pm  wave  ;  .e-ps.  through  a  medium  its  velocity  is  changed. 
The  ratio  of  the  velocity  of  the  elertr-ir.i  t ;  c  wave  in  vacuum  and  t:.at  within  the  medium,  v,  is  commonly 
known  as  the  index  of  refra.  tien  ci  the  medium. 


The  ma^or  part  of  the  KM  spectrum  is  shown  schenat ical 1 y  ;r.  Fig.  i,  where  we  have  listed  the  wavelength 
In  meters,  frequency  in  Hz  {«-y<.  les  ;  or  second’  and  <*nrr  ;y  of  ea.h  jhotur.  in  electron  volts  (evi  ,  a  ur.it 
primarily  used  by  *  no  jl.y.in;  immunity  to  describe  the  energy  *»f  .  r.e  electron  winch  has  |  assed  through  a 
potential  diffi  ren.-e  <*f  :>ne  volt  (1  eV  ~  1.*  x  it*  *  .  .'r.e  .  anr.>  t  help  but  be  impressed  with  the 

enormity  «;f  the  s|  «'■  t  r  urn  which  stretches  over  more  than  '  '  or  hr  r.  •  !  r..»  sni  tude .  Through  this  entire  range 

the  Same  simple  laws  organized  by  Maxwell  in  the  late  lin'.Vi,  g»--..cribe  tr.e  entire  eloi  tro*.vin<‘t  ic  spectrum. 
Notice  that  out  of  the  entire  spectrum  t!.e  visi.le  pertron  which  largely  governs  life  processes  and  visual 
communicaf  i.»n  is  very  narrow  indeed. 

3.  FMIS3trw  AND  Ajc,- pr;  l  'N  rK  RADIATION  BY  QUANTUM  \>SCI  I.1JVT0RS 

By  the  *  urn  of  the  '’enr-.iry  the  stage  was  set  for  Planck  and  Frnstein  to  recognize  the  importance  of 
the  quant  i«n  '■  ill  it  it.  Ir.  «  rd«*i  ?n  1<C.  the  distribution  of  !M  rail  it  ion  that  was  given  off  by  hot 

bodies,  PI«U.  k  had  t  ’  ft'  t .*.-**  th»»  r»ii.i*i>n  that  was  emitted  came  in  funnies  of  energy,  jii.ii.t.i,  in¬ 

stead  of  ’omitij  .v.  vont.ru  u.  w.iv'-s.  Mari  ?  •  r.a  1 1  y  r.--  iniz«d  lb.**  dual  |  ar  t  j .  1  wave  nature  «  f  mattei  .  For 
a  particular  hot  b-'dy  in  up.  i  -i,  r  iluimr,  a.  I  ai  ■■  r .  t  ion  is  in  ler.jloto  iqulil-rur,  that  is  f«r  a  black  - 
body  radiator,  Plate  k  s’v  we  »  *  let  a:  i:.(  ;;u  n..n:  «-r  *1  quantum  oscillators  each  with  a  different 

f  ro  quency  v,  the  eieu  :y  1*  realty  >f  t  n n.it  :ot.  fetw.»n  v  and  -  ♦  d  v  is  ,  whi<  h  for  a  system  in  thermal 

equilibrium  at  an  ah*  -ist.*  r  •  m;  era*  ur  :  k  ;  .  given  ty  Plan  >.  's  law: 

9^  hv^ _ d ,  _ 

c}  (exj  vh'j  kT)  -1  I 
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rigure  2.  Electromagnetic  spectrum  showing  the  various  Spectral  Regions. 

Here  k  -  1.39  x  10  }oules°K  ip  noi  t  /nunr.  '  *•  equilibrium  •»  ant .  The  expression  states  that  there  are 
flTry2  degrees  of  freedom  in  the  system  f  csa  1 1  dt;.-:.s  with  „m  ivt-ra.;*  enor  ;y  h.Jexj  Or./kT.  -1}  per  degree  of 

cJ 

freedom  at  temperature  T. 

If  one  considers  a  hole  rut  in 
the  emitting  surface  per  unit  area 
radiant  emit  ten.:  e  of  the  Ma.-kf.--ly 

A  and  A - d V 

W(A,T)dX  =  _  C  dX  _  watts,  m  .nn. 

Xs  fexp(hc/XkTJ - 1 ! 

if  the  wavelength  X  is  given  in  nanometer  s  (nr*  a:.*.  ‘  *■  3.74  x  1>"5  watts  nn*’  m?  .  It  follows  then  that 
one  can  define  the  sj  eot  ral_l  x 1  ihtr.e  >f  .»  ••  .r  •  i  the  tt.il  i  ;  liant  en;tt«nce  n-.rral  to  the  emit¬ 
ting  surface  contained  m  a  r.mail  cere*  or  .  1  i.i  .i:.:le  *.  st*-fad: ans  around  the  normal.  quantity  is 

plotted  in  Fig.  3  for  the  Ma,  %!*..  .iy  :  ii;it  *r  with  i  t  ■:  ;  .*»  *•  *■*  wh:  !.  v.irje  fi.*r.  1  V.  through  to  lu 
million  degrees  K,  a  range  whi-  h  wv.  i i  i  t  ..nr  it  t  *•.**  ♦  in.*  of  i;,\r..k,  hut  whi.h  new  in¬ 
cludes  the  temperature  of  the  c.a«r.i  •  :  *,:..*  -  n  .  ij  :  r  •>.  ir  »tejy  •  K  ,  the  t  •  r-;  **i  .it  u»  e  t  r  :.u,  li*,u  fusion 

about  1  0  *°K  and  the  eg  us  v  *1  -•  m;  .*:  t*  .;•*  .  ‘  .  «\*r  :v  :\*i  r.:.*tu  rad  )  .it  i  'ti  >ujve  :  t  a.iiat  n*n 

from  highly  relat  ivist  i-*  »*le.-tr  <r*,M  >, .  **  i  ? .  mill-  :  r*  .  I  rent  :  :i  this  latter  •  u:  t  rui.u* 

synchrotron  radiation  sauries  wh.oh  er.t  a  v*  r  y  i*i,.i  .  r.*in.;c  fr.,r  the  inf  rated  thr  u  rh  t  a  the  x-ray 
region  are  rapidly  develof  in-j  as  i  ecc-uror.  in  r.tny  ;  nt*;  .  t  tfe*  w,  rid. 

From  the  Planck  radiation  formula  it  follows  that  the  wavelength  asscviated  with  the  distribution 
maximum  Am  times  temperature  is  «  on. tint. 

A  T  -  2.9  x  20*  r.m°K. 

a 

which  is  the  well  known  Wien's  d  ; la  »  mer.t  law.  This  relation  was  identified  empirically  before  Planck's 
work.  In  a  similar  way.  one  .  ,r>  d.r:v  tin*  *tefa?  i  '.t.-uinr.  law  •  r  thr  total  i-'wei  radiated  Ly  a  black- 
body  through  the  surface  of  the  area  emitter  i-urnne  i  c.v*  i  .» 1 ,  w-ivelen  :ths 

-  |  W ( X , T ) d X  =  0T" 

O 


-he  wall  •  :  the  lla-Vd-ody  .  avitv,  the  radiant  jvwer  emitted  normal  to 

•  f  'ho  *rit  *  ...  *j,  «*  ;  ■  r  w  ,v»  lerr.;  th  t  .*  t  e:s  OdlieJ  the  s^r*:  :ul 

can  re  expressed  ..  pually  well  t-itr.s  .  I  a  wavelength  interval  between 


Host  radiation  emitters,  with  the  •  x<  epr  ion  of  the  IA;rf<(  are  not  .is  intense  as  Ma<~khody  radiators, 
therefore  the  bla>.  kl<ody  curves  rejieeT.t  the  .g  ;  •  r  limits  of  pn..*r  emitted  fr.jm  a  surface.  Many  solids 
and  some  qas  discharges  radiate  like  ar,  idealized  hl.*.-*xbody.  In  f.nt,  t  fie  spectra)  distribution  emitted 
by  Incandescent  lamj*. ,  and  high  density  ar.s  arid  stars  can  be  .  ,»1  ulat**d  to  ,»  good  appi  ox  mat  ion  from 
Planck's  formula.  A*,  a  reference  point,  a  bla«.kt«  dy  at  a  temperature  <*!  h.-.iiV  K  has  its  radiation  peak  at 
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Figure  3.  Spectral  brightness  for  the  blackbody  radiator  as  a  function  of  terporature. 

5*>8  nm  near  the  centre  of  the  visible  spectrum,  where  the  human  eye  is  most  sensit.ve.  Vet  only  40  per¬ 
cent  of  the  radiation  fills  within  the  visible  tart  of  the  s;  ectr urn,  six  jet  cent  in  the  ultraviolet  and 
the  rest  in  the  infrared. 


There  is  yet  another  quantum  process  which  was  important  in  establishing  the  particle  nature  r  f  light  - 
the  photoelectric  effect.  It  was  oiseived  that  elivtf  r.;.  w.-t  .*  I  on  v.  d  tio.ni  a  metal  surface  r.ly  when  the 
energy  of  the  pnotor,  was  equal  to  or  greatir  than  th<  binding  energy  ;  cl  t:.o  t  lootror.  in  the  (Total  , 

ICE  (electron)  ■  hv  -  $  . 


Any  excess  energy  w*-nt  into  the  kinetic,  ej.cjgy  KF  •  f  the  outgoing  electron.  It  is  only  since  the  a  jvent 
of  LASERS  that  it  is  realistic  t'-  oiiMi-r  whit  h.i;  :  when  many  jh.'tor.s  of  inaut  f  it  lent  energy  t«<  re¬ 

lease  an  electron  arrive  at  the  •.•are  time,  how  mult  ;|  ho  ton  excitation  and  ionization  f  ro;  i-sses  (that  is, 
non-lineai  processes)  are  connor  q  1  »ce . 


Once  the  concept  of  the  quantum  oacill.it-. >r  was  recognized  it  followed  directly  that  atoms  with 
negative  electrons  moving  <«r  und  p-cMtiv.-ly  char  j.-d  cores  did  n-'t  c«  'nti  r.-rvas  ly  ♦•rut  light,  instead  1  iqht 
was  spontaneously  emit  r.  t-d  .»nly  w.ej.  t  ttut.  r...  !••  a  -n:  «nt  fun  a  Li  ;h*i  level  ..f  tf.e  atom  f:  to 

a  lower  or.e  t*i  (refer  Fi  j.  -la!.  It  h,  rqu.il  to  the  er.eiay  irit«u  vaV  shines  q--n  state  1,  the  light  .an  be 
absorbed  (Fig.  4b)  thus  exciting  the  r.y:*t «  n,  the  frequency  of  the  ii  jht  is  given  by 


v2i  -  (E 2  “El ) /h 


8PONTANIOUS  ABSORPTION 

EMISSION 


INCOHERENT 

OUTPUT 


COHERENT 

OUTPUT 


(°)  (b)  (c) 


Figure  4.  Three  modes  of  operation  for  the  quantum  oscillator  a)  Spent ani-our.  (mission  of  a 
photon  of  frequency  V;i  b)  bhotoabs-  iptr-n  and  c)  Stimulated  mission  of  v.  i  . 


Rules  known  as  sel  r -Ni>n_r  il  *••.  g  >verr.  the  trirriti  n  probability  between  states  2  and  1.  The  time  on 
the  average  it  takes  t  ;•  i  t<  r  a  t  i  it.  iti  ♦  •  *  .  ii  j  *.  the  radiative  lilrtitv*  c.t  the  ex  1 1  <  ■  1  system.  In 

the  case  of  molecules  'tie  must  n««*  :.!y  gc- ;  !•  r  the  i  lectrcni  c  t  rare,  it  l'nr.  I  v.t  tt.mr.it  r.-r.'.  t  r  cm  .re  state 

Of  vibration  of  the  molecule  to  a?  other  ,  and  a  state  rctati-n  >'  I  the  r  l*-  ul»-  to  another.  "ho  pr  me  i|  a 
terms  describing  the  ener  jy  level  of  the  system  im  baling  elect!  on  n  viirati  -nal  and  rotat  i  ..-nal  energy  are 


where  n  is  the  electronic  level,  vn  a  {articular  vibrational  level  within  the  electronic  state  and  J  the 
rotational  sub- level.  nv 


!-5 


2-6 


stimulated  emission,  and  lasing  action  will  cease. 

We  have  seen  that  the  frequency  of  the  laser  l;qht  is  limited  to  a  narrow  band  centred  around  t 
associated  with  the  spectral  width  of  the  transition  21.  This  width  includes  the  width  due  to  the  natural 
decay  of  the  excited  state,  the  n.oti.n  ».-!  the  ti.i.-tt  U.i  atoms  and  pressure  broadening.  However,  within 
this  broad  band  ot  t  re  ju.-n  :ics  the  LA.  :  h  r-idjut  is  even  more  r«*strictod  by  the  /  roj-er  1 1  es  oi  the 
ftftical  cavity.  Atom:  which  '.dilate  it;  |:.ts.'  wit.*,  one  another  in  the  cavity  are  said  to  he  ir.  r rma  1 
modes .  The  frequencies  -f  the  i.dr.al  r:  •  me  ire-  osc  i  i  lat  ion*  are  ha  monies  of  the  f  ur.dorer.ta  1 

frequency  Vji,  Fig.  *.  Within  the  .  :  tn  j1  t  «»*.  mi  cavity  of  length  L,  standing  waves  similar  t  j  those 
in  a  string  occur  only  ter  wuv.-ler.qths  wmch  ar»-  an  integral  number  of  one-half  the  emitted  wavelength 
bo  that 


L  -  m  \/2  m  ■  1,2 - 

From  the  simple  relat  lohrhip  b<- tween  tr.e  •••,•!  . 

frequency  interval  between  ad;j  ,-i.t  r*  :»i  1 1 

A V  *  c/2L 

If  for  example  for  rod  light  where  i  aj:r- 

optical  cavity  ot  lenath  I  rct-r,  i  •  r.»-  :..  u 
words  the  ladiation  wh icr.  ha  i  a  ;  *:  i* :.  i 

plus  pressure  broadening  is  r..-w  d;  v.  i  ir.t  •  : . 
action  because  they  meet  the  .•  .  r 

associated  with  the  normal  :v  d>- ,  ■{  >r  . 

the  original  spectral  line.  It  r«  •. 

with  a  normal  line  width.  • !  .  *  :iz,  f  ;  i  .  • ::  .  1 
can  m  principle  if  n.  t  easily  ;r.  ;.*»  •  ;  ■  •  i »  r 
power  available  per  unit  Af-a  i  ,  r:»t  •  :  w 
tremely  large,  in  fact  larger  than  an.  tr.tr 

Normally  we  also  cor.M  i«>r  t  h**  :g  »*;all  . 
cavity.  This  pattern  is  juite  ..•.;mp;.:x 
of  which  are  beyuni  the  sec:--  f  this  :»•  » 
values  where  for  ..ir-  .!  u  :-.:rr  ;  .  •. 

var.ation.  TEM  is  usually  tr.e  dormant  r  > 
oo 

5.  PROPERTIED  CF  I  T  '3*1  I.'FICF.h 


light,  wavelength  and  frequency  discussed  above,  the 


!y  c«  x  1  Hz  (as  for  He-N,  red  laser  light;  and  ar. 
r  v  ■  •  r.  it  exist  in  this  _•  ise  is  ?  x  1  *.  In  .it her 


.  i  r.  i  r  v  -  i .  '  r  a 


tin  r  mo g s  r  »:.d  n  ate 
M  Viri.it;.::,  and  r  the  •.  rier  of 


re  ‘angular 
♦he  details 
lr.teg  rai 
r  a  .n  a  1 


The  special  pre  jetties  of  the  rad:  it  ion  ?r  i 
LASER  as  a  light  sour,  e  with  dhe-t  ....  ur  ..  ..  ■; 


d  from  laser  action  will  become  clear  as  we  compare  the 
•  i  me  •  :  u  i  ad*..»t  i '■•n : 


a.  Point  sources  and  extended 
ful  idealization  to  con.s i- it- r  a  s 
example,  an  atom  h.is  its  ...  * 

light  from  a  i*.  mt  .  ur<  :  ♦ 

origin.  Close  to  the  ■  :r  n.  *. »  : 

ever  as  that  same  s.n a*. a  ...  -v  v,..; 
be  considered  ■!  1 1 r.i*  .si . 


T  *  if  ;•  lr.t  :  r.  cat  ..re.  F.  r 


:  I  j  -  •  i  n*  s  ir.  t>  a  1  :  t  y  iff  vet  •.  !at:e.  g  he 

.*:f  .  *  i};  ?'<1*  if  !  :  •  i  :  it  •  s  radially  fr  m  its 

'  1  s  ;f  !  1 **<■*  A  ft:  r.r.y  diwt  h.  w- 

*n  *■.  iiverqer.ee  is  nisim.r.  1  .mi  the  lignt  can 


An  extended  sour  -  fy  .-vt.ttasi  cm  t< 
to  this  source ,  the  light  r  iys  ;i  s ; ;  ♦: 
point;  however,  as  A  is  -*.■/*•{  ..f{  ♦  ,  i  v. 
haves  like  it  comes  from  a  |*  u.t  -...ur. 
the  organized  nature  os  its  radiation  =.ai 
not . 


»•.;  made  u j  ot  a  large  njri>er  -.if  pnrit.  roures.  Close 
.u  •  i  «  i.  .»’.■••  a  .  i:  n  r  di  r  gor.-.t-  *.  >.ar.  t.h.  •  «>  from  a 

‘  '•  !•••.:  •:  i  :  .* «•  d  to  ..s  miin.ty,  the  1  i  sr:t  t  e- 

’■  ■  *.ln:  •  xt.  :.-ied  l ;  :ht  sour.*,  tv-  I  .A  i  b  h».  a  use  of 

g.  n-i  as  a  joint  source,  ever,  thou-jh  in  i-Mlity  it  is 


b.  Monochromaticity  or  Temporal  C 
mercury  arc  lamp  men?  -  hr  m  i*!c,  h  .w.  ve 
made  up  of  approximately  ’  s lines  wit 
the  s{>octral  width  of  ‘he  Mu**  i  me  is 
can  truly  be  considered  me. no  hr\<m.it. ;  - . 


:cr-  -  a  few  years  a«:<» 


I  1 


one  would  have  railed  the  lioht  from  a 
i  through  a  s;  ectiostoj  o  <.  no  finds  n 
i«-.  .  Hue  the  .-siver.t  ot  the  L-VTh 

J  n  so  that  the  light  for  the  first  time 


c.  Spectral  Coherence  of  Light  -  ;.i;ht  fr-r  a  r.  in 
he  fence .  If  light  c-cld  t-e  emitted  fr  n  a  ;-;r.t  .r 
electromagnetic  wave  w-.uld  vh  -w  the  c*-,-  max  -  c  r 
one  backs  away  from  the  jmnt  to  infinity,  t l.d.r  , 

In  the  case  of  LA:  LH  the  very  *rr  ,ss  of  st  im  .1  it*..}  . 
light  leads  to  th»  ini'; :.  ion  r.  ,  r.  wf; ;  »  ,  _  :  ,  •.  , 

phase,  quite  similir  to  tfie  situation  -m-  :  fi  : 

light  then  is  one  of  its  r  r.t  imp.rt.mt  ,r  j.  ri 


-utvT  has  a  very  special  quality,  rija»:al 
r ••  r,  a  •■}  h«-re  sjr round inq  the  jr  .> 
. its  1  :.t»  i  *  y  .  Tf.;-:  li.jf.t  l «;  «ch>'tet*. 

?h.-  ■:  serv*  j  r«-rn|-,s  in  {has*.  .  x  i st 

■  :  n  w-.;.-h  |  r-nj-i.  ,  ..  the  art  I  .  f  i  •  .u  i-  r  f 

•  r.  vir.  ;  it:  <  :.«•  Jin-  »  :  n  «n.  s:  st 

1  •  *  ■  -r  eat  i  rf  j 1 1  ,  .  ;  ,  < 


As 


The  coherence  rf  la;;*  K  1  i  ih»  is  f. . . . 

volve  the  const  ru  t  iv.-  ,r.  *  {—'.**  .4  .  ...  \  '  lf  f  r  T  1  r'  *'ff'  *  They  :n- 

effectn  can  n.  st  ci-ar  ly  ‘  !•  -w -r.  -t  r  .  •  •  i  w .  *  •  •  -  ,r  ~  i'"'  ''  : ‘  ! f  ‘  ri  r 

ference  photography,  h-  1  ,  ;r.i;  hy ,  : ,  j ..  f ,  , .  .  .  .  w  t .  ^  '*  IJ'  '  ''  1  r’  '  ■'  ?  •  1  r  ?  r  r  ‘ 


Consider  the  ,  ase  <‘f  liffri  t  mn  from  a  r  in  w 
herent  light  coming  fr>  o  •  t.e  j.-t.,  1 1  i  ..mr,  v  j  r  ;  » >,. 
pattern.  The  fr.siti  n  of  the  maxitra  w-.re  .  .. 


Figure  8.  Sphere  showing  the  elements 
defining  solid  Angie. 


Consider  a  sphere  of  radius  F  around 
which  has  some  closed  area  on  ti.e  s.jrta  e, 
F2Q.  if.  The  area  •  T:.e  &ji!a  e  divided  i 
F*  ct  the  sphere  is  the  -i»*f  ir.it  .ur.  cl  the 

A,  K*  i  Psea:  ur«*J  i:.  :  t a  s l  ms  dr! 
surface  area  i-T  the  s;:..-r»*  ;s  4  F‘  :t  is  ■: 
definition  that  d  "  stf  tahii.'-  i .  ;  r  cT>«  nt  tf 
a.-., 'Ip  around  a  j»*ir.t  •-  „!■.«*.  If  «.< 
like  th*-  size  -  t  the  c*  rr.ea  it  tr.e  eye .  u- 
from  s.-r'  e  tr.e  :?y  t  ?.*.«•  w:.j 

eye  d»cr  cu.-os  a  >..  .  F  ’  sir.  tr.e  •  I;  :  ar.gl 
from  the  ij.  t  ‘  .  i  -  e  fur.  :.s  .»*  IF".  Tf 
normally  called  the  :  <■  •  c.  »:«•  .1- 

of  tile  Lasic  {hysi-a;  j  t  ;r.-  ::!>■;  ■  :  r..il 

It  can  be  easily  derv.r.st  rated  that  f 
the  solid  ar.  ile  into  whi.h  *  he  ;•  •;  : 
fx?jnt  source  it:  <•  juul  to  .  .  .r.  ♦  -  :  t 

c  is  egual  to  i  x  l"*  i.i.i.v.s,  jr.d  :f  flu 
milliwatt,  it  follows  that 

Intensity  *  - -- - -  4  >< 

v  \  3  x  i  C- "  -  i  3 


c.  Brightness  -  The  i  :  1  n.ht r.e«-s  ■•f  an  extended  source  is  the  radiant/enutterve 'un:  t  sol 
intensity/ ur.it  area  of  tr.e  emitter.  M.„th  intensity  and  brightness  fali  r.ff  as  r.;  *•  tr.e  a: 
to  the  normal  to  the  emitting  surface.  If  :r.  the  case  of  the  1  milliwatt  LA.  hr*  the  radius 
1  mm  or  0.001  meters, 

4  x  1C  5  watf  s  c  x  a 

Brightness  (LASER)  *  - - — 3  x  10  watts /r*  Sr 

4tt  (0.001)  *r\2 


By  comparison,  for  various  other  light,  sources: 

Brightness  (Tungsten  filament  ?  0300‘'K‘  =  ^  x  lr  watts  m'-Sr 

(High  power  carbon  arc)  =■  ?  x  lv‘  watts  r! '5r 

(Sun)  ■»  2  x  1C  watts/m*/:-r 

(0.2S  MW  Synchrotron  radiate,  r. 

source'  '  1  x  i;  watts.  m‘  V: 


Thus,  the  smallest  of  lasers,  is  Slighter  than  a .  1  Known  light  scut  ir.  fa  t  it  is  t 

magnitude  brighter  than  the  sun.  the  source  of  ull  life  or,  this  jl  ir.et. 

d.  Spectral  Pi  1  ihtr.es s  -  Xe  have  alreaiy  :>:<  e’n  :i  "j'':  1  1  *  -  :  1  a  it  t*-l.*t«*s  t 

radiator.  Or.it  again  it  is  defined  as  the  1  r  i-shtr.t  ss  of  a  s  •*.:  e  j«:  ^i.:r  wav.  r  1  : 

There  is  no  comj  an '.on  be  tv*  «*rs  tr.e  amount  if  power  m  the  f.  tm  f  light  w? ..  »r.  * 

He- Me  1  milliwatt  :A_  i  h  a:,  i  a  I  '  *  watt  car  bur.  ar.-  ra.i:  .it  i  n  s  ir.  the  -it-  :•.»!.  1.  .  *  t;.i 

spectrum.  Althourh  10  .Till:-  r  r  ire  -  m.  r>*  t-.tai  •->)  t  i  -a  I  p-'w.-r  r.eiiv*ted  : :  r  *  •  .u  the 
power  in  a  small  t ;  '  *_ r .» 1  hand  ir.  r.u:*»  la:  ;er  *  r  *1--  he!  lur.-ra.-.  n  1  A.- !  P.  !'  r  ♦_*.•  .11 

distributed  .ver  ,1,1  1  xiritely  in  mt-rvii  ot  r;ir.-  r  r-r  s ,  r  :<•,  iv.-  .  . 

However,  in  the  .  -ise  the  :n  I  ^i.r.-neor.  I  w‘‘  -  !  ‘  K ,  which  a:,  we  p<.  ir.ted  ut  J  **:  r»-  ..  : 

fregjency  width  r.-u  r  .  w  1  r.*  r*  rt  z  i  y  t  !:*j  ice  o.f  1  rv  u-  1 1  !:r  i*  • -.*  »  c.  •  1 . 

he  I  ium-neon  la--r  •  nr  o  :.d  .»pg  r .  x  ;r.u*.e  1  y  t.  a  s;  ecial  1  w:l*f.  'd  ;  x  *.  ‘  *  :.~ 

unit  wave!  pr..|tn  i-**  q.ii  t  I  ~  !■  ■"**  .1  I."  watt*--  t.r.  I  ■  ther  wvs  is  ,m.  .*  *  .  •  ;  1  r.i 

narrow  spe  tra  1  i.ar.d  is  r*  r.  .  »•  ;i-r  fr.  r  a  la:  "r  than  1 1  ’m  any  .%td;er  1  1  j‘.t  scurv. 

c.  I  lJurir.atiir.  at  a 
LASf  R  on  the  rv'-.n,  i .  *  1 
Let’s  1  00k  at  tlu  ■  j  »<■>:  •  r 
onr  wants  a  s  ut..  ■  t»  • 

LASER  does.  Let  -s  -*. 

A,  with  the  amour.*.  r  . 1 
Since  the  lam;  ra  Jutes  1 
sphere  is  giver,  f.y 

Power  »  Intensity  x  ^.'lid  Angle 

1  •;  <■  iwut  '  a 

Power  (Tungsten  r-u -  --  -  x  - .  1 : . r  > 

4  1 :  1  1  h 

-  R  A  R*  watts 

distributed  over  the  entire  visible  spectral  range.  p  r  ■  m  above, 

«  ^ 

Power  (He-Ne  t.aser)  ~  4  x  10  watts/sr  x  -  (:  rf 

R 


4  x  10  A^  F  wat  t  s 


in  a  single  spectral  line.  It  follows  then  that  the  ratio  of  the  powers  reaching  a  small  area  A  is 
Power. (He-Ne  Laser) 

A 

■-  - 5'  >0 

Power. (Tungsten  Bulb) 

A 

When  one  renumbers  that  I.ASERS  have  been  developed  that  are  a  thousand-mill ion-mil lion  times  more  in¬ 
tense  than  our  hel 1  uni- noon  laser  one  recognizes  the  enormous  potential  for  the  transfer  of  energy  and 
information  available  through  the  LAS HR. 

In  Section  3  we  showed  that  the  brightness  of  even  the  smallest  helium-neon  LAS F K  is  m  excess  of  that 
of  the  sun.  I»cv-s  this  wear,  that  the  LASER  j  laced  as  far  away  as  the  sun  could  do  a  better  30b  than  the 
sun  m  1  lluninat mg  the  earth'.'  course  not  I  The  rower  of  each  is  its  brightness  times  the  solid  angle 
subtended  times  the  area  of  the  emitting  suitace.  Under  those  circumstances  one  sees  that 

Power  (Sun)  __  2  x  lC'  watts  m* /Sr  x  t  ( 10*  1 )  *  x  A  R*  (;3r)  __  6  x  102S  A/R*  watts 
Power  (Laser)  3  x  10*  watts /m* /Sr  x  "(l’1  ' )  2  x  A/R2  (Sr)  9  x  102  A/k2  watts 

-  7  x  102‘ 

Even  though  the  sun  is  a  source  of  lower  brightness  than  the  LASER  its  very  large  area  more  than  makes  up 
for  it. 


f.  Concentration  of  power  into  a  small  area  -  Though  it  won’t  be  proven  here,  radiant  power  density 
at  a  point  on  some  area  which  is  being  illuminated  by  a  source  defends  only  upon  the  brightness  of  the 
source.  In  this  case  the  size  of  the  source  is  immaterial.  Furthermore,  the  lower  per  unit  irradiated 
area  has  a  value  which  is  the  same  order  of  magnitude  as  the  brightness.  Since  the  laser  has  the  greatest 
brightness  of  all  light  sources,  it  follows  that  the  laser  is  caj able  of  producing  a  greater  power  density 
than  any  other  sources. 

As  one  might  expect  the  smallest  area  into  who.h  radiation  in  a  parallel  or  nearly  parallel  beam  can 
be  focused  by  a  lens  is  limited  by  diffraction  t..  a:,  area  of  a:  {  roximately  *  ‘  where  *  is  the  wavelength  of 
the  radiation.  The  highest  power  density  produced  by  1  milliwatt  LA.EK  is  thus  given  by  a  power  output 
divided  by  » ‘  or 

Power  Density  He-Ne  (LASER'  =  - — - — —  i  x  l1'-  *  watts/m‘ 

(hOC  x  !•.'  "  '  ■ 

Note  that  the  value  for  the  rower  density  is  within  an  order  of  magnitude  of  the  brightness  of  the 
LASER.  Remember  again  that  this  particular  :A:;Kk  is  one  of  the  lowest  power  LASERS.  Therefore,  as  one 
might  expect  the  effectiveness  of  nor*  intense  LAGER:-  like  a  6000  watt  CO 2  cw  LASER  for  the  machining  of 
metals,  welding  and  other  such  f  urposcs ,  i-  extremely  good.  Another  impressive  example  is  a  picture  of 
approximately  ten  burns  in  one  hemoglobin  cell  caused  by  the  light  of  a  ruby  LASER  focused  onto  the  cell. 
Microsurgery  using  LASERS  is  now  a  reality. 

Although  LASERS  are  far  better  than  any  ether  man-made  sources  for  many  purposes,  they  are  not  the 
solution  to  all  problems.  Other  light  sources  are  far  superior  to  the  LASER  for  many  purposes  such  as 
general  illumination.  The  applications  of  LASER:-  will  be  discussed  in  the  next  lecture. 
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Principles  and  projvrties  of  the  ;a  yh  are  .!:•  r.e  detail  together  with  a  descr ij  t ion  of  the 

various  types  of  1  A' :  r-  an!  t\».  :r  a$:l;  . 

-1.  MORE  AhL'UT  LA:'  L  r  PPdrSRTIr 

The  acronym  IASEH  sUu!:.  !  :  :  A.~;  l:f:  at:  :y  Stimulated  Emission  of  Radiation. 

Several  year-,  ait- 
had  shown  that 
ammonia  mole-„li  ;  : 
in  the  infra*  ef  a:::  * : 


In  order  to  Mir 
a  net  round  tii:  :.i. 

1  at  ion  to  i  ui  Id  u: 

unity.  Thf  1  .  * 

shir  des.  i  i:  it:  ;  .  - 

radiation  line  is  I 

M  9  2  ..  _ 

Ni _  "  Nj  ^ 

q  i  ’  *7" 

where  N.  is  t  f;»-  ..tit  toil  >  ;  >r: 

pression  N:  and  %.  it*.-  :•  ..  ;*  . 

associated  w*h  e  i  *.  f  *:•••■•  ■  * 
its  natural  hal!-i:!»  ...  !  • 

mediately  that  J>  t:.-  •  ;v  • 

necessary  cnti.  il 
radiative  state  in  re.is.s  .• 
is  advanta;e  ir.  -  star.  ,  :  • 
from  still  higher  liv-.Js  r..iy 


Many  rwiterialr.  car.  r.  w  :  •  ; 

region;  f  the  ♦  *  . 

far  t,V  s  x - 1 a >  LA.  1  R  i  ui 

Using  the  ih-'V**  r.en?  lorp-d  . 
ruby  oyster  whi  h  will  !  «.  di 
length  .  *r,  im-  t  (i:-j  1.:  ,• 

level  1  y  !:*.?!♦  •  • 

atoms  or 1 ,  .t*-s  1  a;  J  --a  r. 

must  he  ap;  r  >x  ;r  «tr  1  y  '  .  h  x  l-.' 

The  formal  if  ion  riiei  . 

ever,  rxest  s*>l5.1  •  i.Y  r.K. 

like  r.e  ••  Jyr.i  an  .!•  :  •  :  •  v  • .  r*- . 
ana  l  y  i  "  f  a  y.  ■  *  •  r.  •  •  :  ; ; :  •  •• 
of  t  x.  1 1 •  d  -  s  \ 

•de  1 1  .el.  If  i’  ?>••  '  f  t :  y-  f-  '• 

of  oft  1 1  ■  1 1  :  :  J  \  !  l  f  :  -r.  •  ■ 

calculate  the  r-.sval  •  r 
sp*>  tr.il  e:.*-:  ,  y  .  :  .*•  rv  1 1  •  '  •  rt 
i»sr-  uy  1  la  !y  ••  .  •  r  it  u:« 

higher  h*  •  ij'*-  f  r  r  :  .  , 

ah'  ng  with  t;.r- 
energy  »n  the  •-  1 ;  ! ,  1.  . :  d 

due  e}  in  j  is  t  :.r  * 

ancc  r*‘  i*  i*  !  :n,  tr-  T  iy  *r. »::'■!< 
troaiht  ciN-ut  t ‘  r  -U'Sh  - 

throuejh  electron  ♦'x  .•.i*..  n  c  *- 
f  le  1  is  act  ns  *  h»  ;  .n  *  i-  r.  r  . 

ternal  he  am  of  ej*  rr  :.s.  .  ;r 

violet  can  he  j  r-^du with  th< 

2.  Mtwg  ;'F  :'PT  RAT  I  N 


Many  j*»rt  icul.tr  ly  1-w  |«'wi  ir !  '.V  !  r.  !.  raj.  *  |  •'!  >.*e  in  a  w.ivt-  w  r»  ie 

where  jcvig  is  ■.  =  •  r.  t  i  r .  :  •.•ly  a.!de.j  t  ♦:.**  *;•.  t  - ..•.-:  .  •;  i*  *  •  .i.-i-  ♦  .  ••  x - 

tractei  fr-m  it.  A-  -»  r»-  f«w.j  ;  *  ■  :  f  i  ~  •••  ♦*..•  1.  ••  -• ;  .  ;  *  end  t.  .  •  *  1  ;  » r  .  ">  e 

natural  fulsatun  i-d  i-.f.  tic-  re:  :  :  .  i«  wr. 


uniform  end  surfaces  is  that  It  does  not  cm  t  coherent  t>*.  Iiat;-,r.  uniformly  over  the  surface.  Tmall,  very 
bright  spots  -  ,v-t  iivts  -  app-ear  at  to*-  e::<i  fa-  es  wr.ic:.  vary  in  uize  and  intensity.  These  reflect  the 
quality  of  the  Kd. 

It  should  be  no' 
it  is  i-'thaps  one  cl 
•  lightly  :  re  tnu::  : 
the  solid  «•  l  /c  > 
that  fox  ruty. 

system.",  that  h:»ve 
include  loth  ? r  < •  • 

of  host  crystal:.,  a:. 

LASh’H  over  Jr.  ext.-.- 

stores  that  have  :  e»  : 

The  big  a  iv.ir.t.i  :■  :  the  t  ui-i-u.  1  «- 

photo  fl  ashlars-  is  i  :•  i  ;  :  ,  :  : 

level,  t 1  .*  y  .!  2  *:  t;.« 

equilil  r  iur.  dial-;  *:«•  r».-:.,i 

than  : n  the  ti.r  ec -  1  **v  •.  .  .  y  >;  t . ;  . 

The  Host  fte-..;e:  *Iy  u^e.i  h 
Y  J  A 1  1  ;  i  y  A  ■  -.it  a  viy.-s  : 

(YAIU  o;i:atir:  a?  :•  c. 
lines  a:;.,  .s:  at  w  jvt-’.  :• 

to  a  rr.ul  t  .  ic  ;ty  .  f  r  lev. 


Alth  uji, 
if  th.e  laser 
as  at  1  y  .  i- 

••ratusc  it  is  rj  r.--r.'  eff* 

r.n.l  la.c-r  lev.  1  ie  {  a r  t  i a i .  . 

tiv.  ly  j  ur.ped 
Sillei,  w:.cn" 

3  LEVEL  SYSTEM 

4  LEVEL  SYSTEM 

**d  that  alt:,  -a  j:»  the  three-level  rui  y  syt  »-r  :s  still  am  ng  the  most  p«q  ular  LA.sirc, 
tra*  ro:.t  •  t  {••.use  •  '■  i:  1  is  the  as  our.  i  state  n-p-.rirg  that 

il:  -.-r  at-.,  i  i  i.  a:«.  •  v.itr  :  i  the  :»y..tfrs  t  •  w-.-k.  i-.,-  r.t:  »st .  most  of 

..  are  nvi  •  1«  V.  .  :  >"•  t«  ru ,  wiinr.  :.  :  :•«»  I  1  y  :  ive  '.!ln  it»  i.'1;  that  are  r...  r.  ;reat,-r  than 


c.  Neodyr.ii un  l<v-s  T.jr.er-i 
however  where  hi  :::  :  ■«<  ;  ;  .  , 

favorable  modi  urn.  c  :■■■  ■  1.  .  t 

to  three  n  ir.  length  a:,  J  tn:-e 
5000  joules  ir,  a  j  ,i 

of  a  xer.ii.  f  la  tui*’.  t  j: 
action  ever  a  vid-  ra r.;< •  ot  wr 


The  mam  advar.  ?  a  ;e.s  of  a-,  a  1  : 

excellent  optical  ihv,  .  1  .  a 

the  r  e  f  r  i  c  r  i  v •?  x ,  r  »y  i  ■  ■  •  ■  i  r  .  •  1  f  .* 

possible  to  a  t-r  ;.-r  i*  nr  •-  -  • 

stable  opt  L  c  tv ;  *  :  •  ..  H  r,  tv  r  . • 

impost's  limitation:.  r. :  i  nvi  •  .  ;  a  t  ;ca 


A 1 1  h  —ugh  tm-c  ■  it>*r  than  t  nse,  ■  m  b»» 
is  possible  l  y  dev- 1  •  tin;  .  lilat  wit:.-, 

the  ord*  r  of  p  ..  -  •  ;  .  ....  ;« 

within  the  g  i  .*  r  1 1  i-.il-...  :•  i i;  i;  ;  i,  v.  .  ' 

are  p-ar  tio.j]  ai  1  y  ir.j*  :  tar.*  f-  t  ..... 


d.  Semi -Condu.  tor  I/.:i.K.i  *  '  *  -  f  t.:,e  i  sti'n  !.A  :  k-  t;.«-  >i  t.i  - .  cn!'.  "t.>r  I.A.T  KS  ate  the  m-^t  ef- 

ficifnl.  .Li  .ire  ly  ;  ,i  •- . .  •  ...  >  .  1 ..  t .- .  t  -.1  r  t ;  .-y  :  ...  iv  :  v  .it  v..,y  .  w  , . -t  ,-i  .it  ui .  s . 

Unlike  most  wth.-r  lA:  *  K  w-.-r-  <d«-ttJ;..»J  rr.vr  >y  1 «.  :  :  ; :  •  !lS' 

boml.aiJ  the  system,  w,  •:*  r  i  -  -  n-ii-  r.  =  r  j-  '  •  i»  1-  ?  . -.--.v  r  t  t 1  ,.;M.|v  due.  t  ly  1:,:e  „  nerent 

ligl-.t  ..U'.-h  c  alive  f  '■  I'*n  f*i*.e;.  (  1  i.  c  in  f‘.<  <};.  ?e  •  j  (-  :  r.  wS.i.Ji  i-x.  liatlvil  1 tt.e  immediate 

result  i'f  work  d-m*’  l.y  an  imposed  ■  i  i--  field  r-n  the  ch.ix-je  airi-rs  1 1.  D.e  material. 
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A  schematic  energy  level  diagram  for 
diode  is  shown  in  Fi-i.b.  ;  .  r.  i  -  . '-f.du  t  : 
on  radiative  t o ;>>rt  nutu  r.  c-:  t  1  •  :  j  •  to.  • 

semi -conduct ot s  : •:  t:.*-i:  v;  ej.it  on. 
conduct  vis,  those  such  a-.  '  m,  w::.'i  a  a  s 
twe e n  con d uc tier,  and  vula.n  <-  t  a : .  « - • •  .. 

Semi-Coi.duct'-r  lA-Tis-  i  fr  ~ 

LASERS  in  ru  st  of  the  :  i  _-.tl  a-.  : 

lstics.  They  are  tw  t?  th:  < .  r  :•  r : 

•  outlier  l than  ’.he  -t :  r-i. 

The  largest  dire:.-.:.:.  :  a  ~  - 

is  at  most  i  rj...  .*  i •  1  *  v.j;. t  .  .. . 

semi-Candu  ■:*  jX  s  ir.  i  t : - 1 1  vii:.i‘:  •  : 

pararru  tors  suen  as  j  s  ■  •  - 

them  quod  candidates  :v-r  ;  ,i*  -  t  •. 


Gallium  arsenide  a  .:  i 

conductors  that  ruby  .c-.  :  .  : 

is  the  first  and  t r*  •*.  -....••d  • 

material.  The  tan:  •  i;  m  :  tV-  var.- 
and  in  purity  .  mt«  :.r  and 
ap  of  the  jure  .  r i-.  ..IV.  /•". 

around  1.41eV.  fit-  •:  ..  :  ::;r 

from  heavily  dv-f  -*«••  ,i ; .  ,i.  ,  > 

distribution  that  has  a  ;  •  •  i  *.  . 


.'•chenatic  level  diagram  :  :  5:. 
laser  t-xciti-  i  with  ar.  elect;  l  ;• 


1.4BeV.  Several  hunl:--:  w.;  :  t  :  ;•  r  :•  ay  :•  :t.n  ►.•••!  :  i  a  v.  .»/*-.  d:  -  in  rui-vi 

whereas  only  lb  watts  ha:-,  leer;  a:  :  m.  ratui  •  . 


The  light  emitted  from  the  in  u-u.i.ly  j  1  :«*lar  i  /•-!  i  ut  the  ;  lar  iratior.  varn  f  r  —  :.*• 

beam  is  a)  cur  l-v‘  ,  m-.h  ‘  r.;.»  i.-r  r r  •*  i ; i :  -s.  ;  n  :  t -i  1  ■  r  .  H  ;  ?■  wr  d.  I A  ;  }-. 

only  emit  in  the  nea:  inflate  J  re  n  i:-in-:  -4  nut  a  1 t_*.v  :  i  .;  i .  -  t;..-  •  j. 

quency  of  the  in:  rare  !  radiation.  I-.t  -o. ; .  is  the  r  •  .  _  i  t  :  :.  :c  at  i -'h  f  r  •  - 

doubling  within  the  diode  itself. 


A  largo  number  <:  f  other  ir.u-'ticu  laser  systems  have  i  cor,  devo  1  >:  t  J  w ; th  wavelengths  wh:  h  var  y 
through  much  of  the  .-•■{e.-tral  :•  ;ivn.  Part  her  r.<  i*-,  one  <  f  the  a  1  .•  iMj  ,-«*s  t  •  r-.  ;  r.  that 

the  wavelength  can  to  shitted  ever  a  -  ;  :•  r  a:  I  »•  range  hy  ali-  .  ni-.vnJ.’h.  i  las-  is  or,  ais.  Le 

optically  |  umpe<l ,  or  \  urg-ed  by  hi  ;y  c  1  t:%.n  bea?.;,,  or  :  y  vie.  tr:..-  t  .-  h!  1  t  cakdewr.  within  the  system. 


e.  Organic  S',  lA'HR:.. M  -  SHrv::':  ■- 

organic  modoodyr.i  c*-:-. i  am  cxy.  :  i->:  .  ■■■  :.*»  : 
dye  LASER.  Such  :A.:  FK..  nave  j  i  ,  • 

continuous  operation  !•-.  w.tc  ;• 

pulses  as  short  as  m*  i  ic.  •••.••  u.-i  ■  -  . 

band.  Consequently,  ar  a  rcri  i: -  r.  •  1. 
organic  dyes  it  is  :r.:  let.»-ly  tun«»t  .••  .  -  r  » 

In  a  recent  art  ir  I  :•  ’  “ .  a  list  v  :  r.  :•  •:.««:  :  : 
given.  Since  ti.at  time  many  h-.-r::  ir.i> 


s. 


Figure  6.  Schnsn.it  l  c  lev.-!  di.nr.in  f-u 
the  organic  dye  *a  if. 


The  operating  principles  are  the  same  a«.  anv  '.Ai'.VU  {fig./.}.  Wl.en  optically  pumped,  dye  im'lecules  a:e 
r«  -tv  to  the  lowest  *-xcit.«-d  sin-jl-t  >».i!  .•  M  .-irh-r  Iirectly  or  via  c.i  ades  f  tom  higher  sir.-ilet  states 
wh^ch  relax  quickly  to  :•  j  .  Uis;r.  j  invlv--.  r.tsiin  to  the  :»•  ;.n  1  state  by  stimulated  erussien  ot  a 

photon.  In  jr  act  ice  the  j  so  v>iy  " ;  1  *.  x .  :  h>-  luht  r.  ha-;  rempet  it  ic-n  it  m  several  other 

processes,  mainly  th»*  rcii-r.i  Inf  re-  .  sv-r  i  '  .  !  -  -  *,»-.■  '  Mr-  and  :  r .  -m  ist.-r-systi-a  crossing  to 

the  triplet  T  manifold.  In  ;.irti -ular  t:i.-  i  r  il  itiin  of  dye  r  .  e--i  1  «-•  in  the  triplet  :.tate  Ti  can  be 
detrimental  to  laser  adi-n  if  th«-s«-  tri:l>r  r»  le.. -.il*  ab;,*.rl  th*  iiiht  Iron  tlie  singlet  system,11  tlius 
diminishing  amplification  within  the  cavity.  .di->w:i  in  Fig. 7  i  •;  tliC  fi.iract  er  l  si  x^.  absoi  p*  ion  "f  cup  of 
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the  popular  dyes,  rhodamine  6G,  as  well  as  its  emission  spectrum.  If  the  loser  cavity  is  net  tuned  to  a 
particular  frequency  the  system  will  oscillate  over  a  bread  hand.  For  example  the  characteristic  '.clour 
of  the  rhodamine  t*G  emission  is  in  the  i.  range*. 

Typical  dyes  are  dissolvable  ;n  <1  1  .-■-■.‘.->1  «-r  water.  I  r.  i,rJ<T  that  the  etf  f  i  viewy  remains  high  it  is 
necessary  that  they  be  cooled.  As  a  i<-ult  they  are  either  circulate!  thi-.-u  fh  the  optical  cavity  or  fired 
in  a  liquid  jet  stream  through  the  cjti  al  i  jvity.  Lor  stability  and  re;if  ibility  the  use  M  the  jet 
is  becoming  more  popular.  excitation  .  t  the  <  :  j.mic  .ryes  i  ■.  acconj  lisho.J  !  y  <  pti  al  lumping  using  either 
solid  state  LASERS,  nitrogen  <r  a:  di'  Mr  )<•  [.A.  or  e-xtivrely  fast  t  la;,  hi.  imps .  Normally  the  gam 

achievable  by  using  dye  solutions  i.s  *•*:  i  Jy  Si  j:i. 


Initially  dye  I.Af  L  K. '  were  found  to  -  :  •-*  it*-  i»r,iy  with  Very  short  pulses.  However,  a  careful  study  of 
the  quench  l  rig  xtc.hani  t.ms  have  me.  i«.  it  .o  t  ?.*•  t-yi-t  «-m  t  t-e  run  vw. 


f.  Hell um-NVon  1  S  a:  i  <.t.*;«-r  N  ms  MV:  K,  - 

variety  cf  atomic  and  r«  •!«?•.  ular  Ml:*;  ::  ■  •.*•.•- 

pact  excitation  thr ou  r  ■  t  i  :  .■■  .  . 

excitation  as  m  tr.o  solid  :,t.»te  case,  .  *.r  u. 

charge  transfer  between  an  ;  r.  *«r:d  r  -  :  r.  .. 

neon  IASF.R  whiwh  is  .i:-...ng  ?h«-  m.  Lt  v.  e.:  uv  :  «•/;. 

impact  excitat  !*'•:;  if  •  ne  helium  r.**?u.*t le  l 

of  the  neon  atom 

e  +  He  **  He  ♦  e' 

He  ♦  Ne  He  ♦  Ne* 

Ne  -•  Ne  ♦  hvj ,  hvj  or  hvj. 

The  schematic  energy  level  diagram  is  shewn  m 
Fig. 8.  As  indicated  in  the  final  at  a:.:  »s 

shown  in  the  diagram,  the  hel  i us- .-.••on  IJ\.  :  R  • 
in  three  distinct  st.-ctral  runic*:  n.  t:..  :•  i  at 
632.8  nm,  in  the  near  infrared  a:  ur.  i  :  1  -  :ir.  ar.d 
further  in  the  infrared  at  3  *  nr. 

He-Ne  IASEFL'l  were  first  discovered  :r.  19*c  by 
Javan  et  al1*.  Aithoujn  tr,mi  «:e  t::r*--  :-  r::.ar.t 
lines,  as  many  as  thirty  r.eon  t : ur.si  1 1.  :.a  a.*,  ir  v 

caused  to  oscillate,  most  ;ir. Vt  very  siecral  ■ 
ditions.  As  one  can  see  ir.  the  •  !:.•**::. tr.,  *.  .-a-  •  .  a 

nm  transition  it*  in  ct-rpet  :  1 1- -:i  w/:,  •  h*  ir.fiu 

red  transition.  In  r  i«  r  *.  a  .*»•  r 

oscillate  primarily  in  vi*;  iM»*  ::  .  n.  *•  .  ary 
to  suppress  the  infrared  lire.  Ti  :s  :  :  in  a 

number  of  smi  le  and  o:t-  n  very  r.*  •  .  ..?»•. I  wav, 

in  the  commercial  .  i‘v  -au  >:  :?•  :ri  ]  • 

ity  and  signin',  n.t  :•  w.r  in  the  vis;:  ?•••  :;.* 

LASER  is  used  primal  i  .y  •  t  tnt-ft  s.  '  ;  :.  il  :  .} 

and  in  the  labor  atcry .  F  ur  t  h<*r  rx*r  •; .  .  •  : ..  • 
primary  laser  tool  used  ter  •  : .ir..r»*n?  t-.c  a 

source  of  coherent  riiim.n  ;n  :;>:•!■.  ;r.i;  :.v.  It-. 

well  in  excess  *:f  u  kv.it',  i--r  •• :  r  .  .;r  st  u, 

though  it  can  bo  operate!  at  hi  ;h«*r  {*  »•  :  i a  : 


A  ]  j  i  the  uasecus-  Lasers  which  follow  dej  end  ufon  a 
.  wr.icr.  ;i.  lule  el*-  ir.:  « .  t  excitati  e.e-tron  un- 

i  :• ;  a,,  t  ■‘.•■••x  ■ :  t  »•  .  ■  r.  ( *  »*r  •  1  ast  i  .•  ».  i  1 1  s  i  ho  to- 

t  r  ;•  a*,  exciti-l  at.tr.  ■  r  ■  1  v.  J  i  ••  t.  ar.'-'.er, 

■  le.,d  ir;  :  t.;  t  x  • :  t  »-d  p:k.:u  •  s,  et  - .  I  r.  *.!,«  helium- 
.’arl»-  !  • j  y  ;-pulaTior»  ;  :.v«  i  *.i  ..n  result;,  f:..r  «.Ie_tron 
cl  lowed  t  y  energy  transfer  to  u;{er  i  «r  i:  a  t ,  ve  states 


Figur*'  y.  level  diagram  He  showing  first  two 

met  as  table  states,  w*i : .  h  t  i.i'.rfet  craggy 
to  the  Ne  levels  which  suf  &«*•;■  ;t*r.T  IV  lase. 

w.-r  output  r.i.rii--;  ft-.m  less  than  a  rilliwa'.t  to  [-ewers 
•cos  the  !A- r  R  is  run  :  i;  a  a  r.t  :r,ii,  ;s  n<.'de ,  ai- 


Al  though  the  He-m?  IJl  KR  is  [»»::.  :[  >1  t..  1  -:.v  IJt  •  H  ;  t  should  be  noted  that  :as  di-  f.ir.ie*;  in 

helium,  noon,  argon,  krypton  and  x- :.  n  an  ::  iiuce  ,r  mic  r  »  :  i  i  *  i  *;  r-.  that  .  ur:  b*  the  bus*-  :  i  :  A.  5  R .  Not 
only  are  the  pure  o  mcr.  used,  but  .t  .•  'hat  mixtures  j  ro.iu-v  eni.ar.*  er-.-nt  :  -..me  t  the  laser 

lines.  As  a  rile  it...  output  ix-wer  :  t.ho  ;.i-<  w-.h  : lc-w.  f;  ;.j  :i  rr.aj  r.ditMns  tr.es  w-.rk  m 

the  cw  mode.  In  ail  -ara.-s  t:s**  i.iv-i  rif  ig  ;i  it:...n  i«;  the  •;  m,.  the*  i*o  i  :  -noco  <at>e.  it  t  >  r-es  rr»  r  it 

difficult  to  achieve  -;t  ir.-jl,«*e.i  .mi-...  it  *  -r  wiveles.it  f.s  1--.  ic.i*  -f  t  r.e  reguirei  ium.ji:.  :  ;  w*r  in¬ 
creases  as  the  3rd  p*  wvr  ->f  t  fi-  :i*:.y.  Mr  i.t-.d  widths  :  <  iu  t  ne  r.*-t  m.si  .  *  a  aven 

population  inver.ici..  These  villf;  ..It;-.*  are  f  .,r  tr..»r  •  »va*e.i  ty  trie  .ibst  n-  «•  offe  live  -cur.i'S 
capable  of  ra{  idly  }  uc;  is.j  :.*  :  •  I  :-i  •  to  m  •  t  oner  jy  levels. 

Until  recently  stimul*itej  --r  r-c.  c  a*,  ‘hotter  wavrl*  n:t  h  •  has  br«*n  thri'ujb.  th-'  rxcit.lt  -c  n  of  ua*sos  by 
high  powered  ns  [ul-o  dis.  !..ii  V-w  in  .  ;:n«nt  •’.*  'r-h  f  ,.mj  ug  t.as.  r  i  t  *'d  m  s..ne 

of  the  shortest  laser  w.r>  •! -■•.  :  t.  J .  • .  .•  t  i  t  T  ••  a.;:  e  k  :  n  ;  ;!  r.m.  R#-  .-n*  j  r  .;»gj  e'-s  m  tr  n  team 

pumping  of  vacuum  f‘V  :  u\.  P..  an  .*  .  w..  r  w.r*.  ,  n  ..  r.  :  j  ,.j  by  p.,-  v  »;,d  t.  j  v-w.  :  k*  r  *. 1  ' 

at  the  Lebedev  bhy* ;  al  ln*st;t  ,*••.  In  tn :  ;  i;«.i  » ».<»  ,n  *i  tiate.i  *.*  n;i.r  .  f  I 

radiation  in  Iimi.-J  x>:v.  n  win  h  *••-.  .!•*■:  tr  ;•  r -.*■  ciia'.mj  r  •  i,.-  ,r  x«  r.*  r.Aini  a  r  r  are- 1 1  i  .-■r.  to  its 

repulsive  qrour.  1  state  i  fi-hi-  •.  In  r  i--,t  u.  pj  *  .  t.  The  final  slat  c  of  the  excite*! 

dimer  come  about  thr.'iih  a  s«>  ;u**r..  r  >  :  ■  v.  ?-.t  s  •  u.h  as: 

efhigh  energy)  *  x»-  •  X*’  ♦  2e 

Xe  ♦  2Xe  -  Xe;  +  Xe 

This  occurs  in  MO  10  sue  at  10  atm. pressure.  L'liintion  was  then  followed  by  three-body  r  eoombinat  ion 
Xe7*  ♦  Xe  ♦  e  •*  Xe2  *  xe 

the  final  transition  from  the  ex:  ltivl  »rn  .n  dimer  t*>  the  r ••[  al r. t v»*  ground  state  represents  the  laser 
transition  which  occurs  in  a  time  aj  prox  inwitely  ,  1 ; 

)  » 


g.  Ion  Lasers 


In  principle,  j.»n  1A:' FP.‘:  are  similar  to  other  gas  discharge  LASFR5,  however  they 


operate  in  the  near  infrared,  the  visible,  and  the 
near  ultraviolet.  Ion  LAM.KS  uj--r.it.-  with 
able  dissipation  of  jxjwer  but  i.vu  peak  energy  out¬ 
put  is  usually  order:,  of  ragnit  .»d«-  higher  than  th-.s«« 
of  atomic  qas  LA.'FKs.  They  an  :ut  ui.  >■!'.  n  :>  nt 
LASER,  since  in  the  di  sch.it  go  it  ir,  no  »  -  'ary  t.,  ex¬ 
cite  a  level  ot  an  ion,  thus  re.rui  r  i  j.  ;  .  ;  i>  r  at 

amount  of  energy,  nest  of  wht’h  i:l t  ir-i?  * •  1  y  end.  ui 
as  heat.  The  output  of  the  I.A.  r.H  is  d*  ;  »  fi  :»■:  t  ■  r. 

the  square  of  the  current.  The  fust  i  i<  t?.-n 
ionizes  the  atom  while  the  ..»•  -o.*..J  .Xoires  it.  Al¬ 
though  many  ions  have  l  eer*  ■.  x.  it-  J  ti.r  u^r.  dis.r.ir 
the  most  fcj  ular  ion  iwV  i.s  1*.  *  :.*•  At  .  . 

argon  n>n  LA:  r  k  has  L«*  owe  v«-:y  :•  i  ulur ,  j  i  ..r..u  :.y 
for  theraj  t-ut  i<-  work  m  v  ;  ht 1  ;y. 

argon  ions,  neon,  kiy:?.,:i,  •.  ,v.  i-.-:, ,  r.>.  r  . 

iodine,  120:1,  chlorine,  !  r  r.  1:..  .  l.-r.-n,  .1:;  n, 

sulphur,  silicon,  nun  June- ■  ,  , 

arsenic,  cadmium,  indium,  im,  ,i:.i  .e.,i  .n-. 

been  used  in  ion  LA.  •:?*.'  «i;,  the  a.tive  r-  siur  . 
cadmium  ion  LALFR  is  now  r  *•■.*.  r. ; ;  vt  j  y 

It  has  been  sucsgeste  i1  *  tbit  tra:.  : 

might  be  an  ertectiv.-  r.<  t:.  1  •  :  .-x  .  t  r  : 'in 

of  radiation  in  the  visit  ie  i  :  r.  .*  : 

Cadmium,  nno  and  tin,  this  1  In;  :  :  ;■  •  •  i 

of  one  of  the  pimaiy  j  .1:  :  .  .it-- 

cently  it  has  l  ec-n  -i.-im  nst  1  a* :  :  -.  a  ..  a*  r.  1 

Nj  leads  subsequently  to  radial  i-*:i  -t  the  - 


INTERNUCLEAR  DISTANCE  (A) 

Figure  9 .  Level  diagram  for  l.  w.-st  ♦  le 
of  the  hwh  |  n-.vi.uc  Xe  gas  las 


h.  Molecular  Lasers*  (Not  : noiudm- 
nology  have  cone  with;:,  th**  last  five  y. 
gases  can  l-**  r.a  Je  tv  la-  *-  r«  •  *.»  •  : 

molecule  there  are  c-nj.-in.it  1  :  •  I*  *.  • 

cular  LASER. ;  that  have  Lein  r.a  :  it  r. 

a  substantial  r.ur.t  •  1  of  tiur.-- in-  ;  i*.v 
ultraviolet,  associated  wit:,  e  1  e  •  1 1  ■ :.  1  t 
most  useful  ele.  tr  .  ro  ■  tt  aisi:  Thu  : 

are  known  hist' l  i.a  liy  a:.  r  :  r  •.  ;  .1 

which  involves  tn*-  ir  1n.1t  1  :•■*  *•  ••;■  !•  " 

output  has  now  L.  r-.  1  :  *:;.»•  :  •*.-• 

with  the  sec  or. !  it  iv  .  •  •• *  h.  •' 
of  this  system  h  »v»-  ‘  L-.-sv  :  r  • 

lines  havi  . * • ;  v » •  i  at.  '•  ; 

Other  electrons.,  ’tarn  iti  r.  .  h  tv--  *  ■  • 
caused  to  last-  ass la*-  i  with  .1:.  e».  t: 


t  ..  i*  t :  r. iv<. rsity  f  Texas*’  tr.it  i-harg**  trails fe:  of  He; 
the  ;<  -  n  at  427  rm  with  an  efficiency  a;  j  rou  h  1  n-:  2%. 

Luiim-:  Ther..al  base:*.,  -  ihe  nfc.-st  significant  aivances  ;n  laser 
y.  ,r ..  :  r.  this  area.  it  ;r.  jrihaidy  la  it  t  :>  :  ay  that  all  mol  e. 
i*»  •  !  it  1  ;  ci  a;,  thel.  As  j  i  r.t  «’■  !  1  r.  I.f-itjie  1,  w;  *!.,:, 

1»-  *- :  v 1  it  it 1  an  i  jot  it :  »1  txanr.itiins.  X.-rt  of  tt.e 

»  »♦.  iv-  nave  ; : . v  ,  vi  ;  tne  v  .brat  s  -r  .*  at  icr.ai  t :  ans;  ti:  :is  .  H 
:  i-.v  ;  .-tv  1 : .  the  i::tt  u-d,  the  ir  lr.fiared,  visitl*  t 


!i;  ar.d  L;  UV-  t 


The  m-  •■t  1. 1  wi  rk  .  t;  *>;••  :  >  t  fiv- 

excitation  of  r;:  ar.i  a.  w.  11  1.  r -,  : 

of  these  systers  hiv.  t*  •  r;  ta.a-i  t  •••  tiv.i 

charge  laser  t  i:-e.  H  «*•  /•  r,  t  h*  i  :  :  :■  t  >  iv 
with  the  hi  gh  :  r-  -  a:  e  a.i-  di  -.a:  n-  '  . 

they  are  the  basi*.  •  t  r-it'.y  cl  |  n-- -  rt  ..nd  1  ;.t  ;» 


ars  -ciat*  i  with  vil  rat  i-r.r.al  and  jotat  i 
t  wr-  1  ,t;  ;t  j  r.  The  sf.mliti  la.; 


1 1  ..1 1  ar.d  mil  t.i 


The  hi  gh  pr  ♦»  re  •;> 
Blumlein  ex  it»-l  I J  ■  V 
nical  details  ].*  j  • 
level  uf  the  p»- >  I  •  • .  :  I  ■  •  :: 
ances  in  tr»e  vicinity  b- 
for  the  large  I  r  r  1:  :  .  :  t 
vibrational  mod.-  :  .  -  x  ; 
dcmcnstr.it *-l  m  F;  ..1  . 
mode  and  the  synr.-»ri 
to  the  ground  vihr  1*  ;  ■: 
reservoir  of  d 


c  it.'-J  At.~<--.:  l.eric  LA:  :.R)  ,  the  f.  b< 
i  :  te  .  x,.r  in.r.i  ..ny  -f  t*,. 

t.v-  IV.  i.  Ir;  h.  the  1'West  vitia* 
;i  •:  ;h  *:.«•  !  -1  .-r.i*  1  r.  of  ;;ar.t  h. 


ill  1  <  i  w.  t  h 


ir.  the-  fir-r 

1  l.-Vel  * 


id  Mil  T  «.-  t .  1  •-*  re;  r.  ‘..'I 


A  pul‘-.-d  tr.ir.-.v 
recently  v  ir  1  >-.e.  rr-. 
rad  1  .it  ion  are  r-  w 
thus  more  i-ner-iv. 
to  the  1 1.1 1  iat  i  n  <  • 
Of  high  -q  it  i  t  1  i 
til  the  ;  •  j r  .m  1.-  ; 
Richardson,  et  .1 1  ‘  * 
with  an  overall  •»n*- 


; *  -r  t  •  -d  by  heaul  it-n  .  n 
n*  ivy  1  uti-lis  or  ultraviolet 
ii!>  Lit  1  •  -  volume-;  •  f  gas  .li'.ili. 

1  )  11  »  t.;i  :n  the  -r.i**.  v>!u::*- 
;  - !  ,1  iir  Vf-lurs-  :l-.w  <1;-. 

•  1  •••  *  r  ;  a  i  !  1  •  li.11  ;*■  is  nt  r 


Tho  j-rodu'  t  ion  of  star  1*-  uniform  • !  1  -. 
beam  (F-Beam)  ;  p'l-miMti  -n.  Ihi:.  n- 
beam  to  i-<ri  1 7.-  th*’  -ms.  An  .1;  ;!»■••!  i  le 
al  excir.it  i-.n  f  the  i  c  i-r  r-g,-  u 
a  recently  ileve  1.  t  «d  ter.  !•  -.  ij|.  J 
litre  Crii-Ni-He  g  i-.  .if  i  i*m,  i1;--  g*  ;  1 


e.  also  1-i’on  ar  --'mpi  1  shed  using  el 
!  .  :h  er.er  jy  { .) .  J  to  J  . M.-V  rlr, 
r*  iltirvj  ih.ir  n-'.  ar.d  ]r>vi-b'*.  el 
;  •  mi:.  1  witfi-'ut  the  i-l»-  tr.-n  l-.si 

i  !  -li-.i  hit  )•'  was  |  1  -  h;  e.j  u 


Increased  operating  pressure  lus  o  i  p —  — -  — - —  ■-  - 

led  to  greatly  ntj.rov.-i  pvrioirwn.-.-  »»y  Symmatric  B*ndlng  Atymmatrlc 

increasing  ,  ais.  :y  ,ea*  ,.  we.  ,.nj  vibration  vibration 

maximum  per  mi  ss  1 b  le  repetition  rate.  O  20  — 

At  very  high  |  ret-  ure-  au.li  ■ir.-.iie!  inert nm  _  a 

than  one  atr,  u.,  u-rt.  t.  v:-  - S’  4 

brational  i i.tat  1 ;  » 1  lines  i  re.t  d«  n  *»d  0  1—  |  VI 


merge  into  a  Cont  rr.u  ••jmsj.i-*:.  i-mi. 

Such  a  l  Aid  K  will  !■■.  w  If  *  an.i  fie  -v.  •  ^ 

a  broad  spe.ttal  r :*•  or  1  >.  *.  t  >  _®  0« 

produce  j  il  ■  *  *  j  juls.  ^ 

Already,  as  tej-rt-d  :y  t  tie  Kur-  :a:.>,  o 

C04-N;-He  U.  i  1-.  hive  . .  ej  :  .it  *  01 

pressures  if.  ex  •:  -■  it:-.,  LU 

systems  in  ex.  e- s  o»  .  Iwitt  inv- 

now  been  de’CeJcr*  d  j  :{»■•  •  .;»•  009 

flowing  sy:.  tei's.  ■'  .  r.i  ■  .  :  1 1  ~ 

iear.t  adv-it..  et.  in  t  he  1;  :y  ‘ : 

dynamic  laser  :••••:,  t 

±lvto  ur.uly:. and  :  :  <  dicT  i:  i  1  a  f  y  : 

the  syMteT  ..'  If.  ;  the  :  e  i  •  : 

section  data  aviilaiie*  .  lh- 

et.  e  or  io.tr  •- ur,-  .it  n  t:.<-  :•••'•  »- 

turt  ,  ;  It:.!  ..If,  f  l  X,  :e  :  .  >:•  ;.•* 

at.  J  ii-.sutit>  his  . . .  .t  j:i*d  •  •  t  .in¬ 

ly,  ha  a  lei  to  a  i  led:,  fa:  1.-  :  .  ..ra¬ 

in  e  *  i  i  c  i  •  r:  y  . 


Vlbrotlonol 

•n«rgy 

tromfor 


CO,  ground  (tat* 


N,  ground  ttate 


Fioure  l'-.  level  'iid-jum  f..>r  the  first  vil  rat  io:.al  level 
of  c«mi  .»on=i  low  2y::.  :  vjh/at  l.anal  2 •■vei-., 
ot  C j  wla.fi  * 'fiipl to  tw  iv  =  i i  . 


The  Mu'lein  ;  ulsc  uvi.- -rai  .  t  will 

not  1  d*.  •  r:2.e.l  h»-re.  1  t  ;  • ;  •  -  r ;  r  r  ■ 

of  k  1 1.  ar  j  •  :  i  at  v.  !*-»■;.  :  >  t  -.1-  ;*  2  kv 
available  t :  ..m  this  .p*:.<  lat-.r  U-.  ;  ;•  a  tui. 


*hl*  i  *  Mr.  ;r  la  e  ex.  it  current:;  cf  hundreds 


j.  Chemical  base.:.*  -  Mary  ex  thetr:.:  •!.• 
the  vibrational  an!  r<  t  it i'n..i •  •.  it. 
has  been  stalled  by  r»ny,  ir.  :  as  •  :  it.  .* .  .  i  • 

creating  at.  inver.,  i  c..-  >■  ;  <1  *e,  rj 

energy  level  siucirv:.  a  r*  a  t  .  im  ;  t.  ••  r- 
In  fact  a  smot  j  as  t  t  t:.*-  <  :.•  r  t..it  :  .  1  ;  1  • 
of  the  fr\i,r.-  :.t  ps  ...tu  •*  .  L--..t  i  i  *  i! 


reat  i  1<  id  t.  j.  i -al  it  :  ltiVor'-i  Jfiraisly  cf 

.»r..l  hi  ■  .»:  •  ia» .  '  '  j  s  ei  t  f  ■  .  har.i ;  r  fox 

i  .•  very  las  ;<•  •  .  ir<  d  with  vi:  :.it  .  i.al 

•>  wM.ti  ir»  ex  it-  .1  t-i  very  hi:*.  v:nra::.t:..il  .eveis. 
j::  p.  u.y  m  r  :  al  r<  .:<  ?  1  1«  ad  .  :..  t  t  k  :  r.et  i  enerqy 


One  of  the  m.>r  sr.p  i  t.cr  i'.  I.e.s  v»  *!.••  ;  s  odi:  1 1- •:  !!f  r:  t'F  /•  1«  For 

example  it.  the  :i  •  P;  :  .  ,i  :  :  d  .t  •  •  :  i-  .  t:.si  .:■  !  :y  it:  in  vi:  i-iti  :.  ;  f.i'.  t  ,,v.  r  a  n> 

vibration  ii  1  ■  f  the  ;,:•••  .•  j;  »  .  j  •  t:.<-  .}.i-:r.  ie,wef.  the  v .  1  .»  a  t  . 

of  radiation  w  ivi  le:.  p  re  i  .  . :.  ••  :  e  :•  •.  :  s  :•  .  •  1  •  .  ;•  i  r.r:,  '.rule  it,  ;  p  •  *  :  :ji. 

I  n  add  1 1  i'  ea  j.  v  j  1  t  1 1 1  .  :..i  1  1-  .  •  .  •  i  i  •  :  ’  •  !  w  :  ?  it  1  ,.t  :«•  n\.:’  :-»-r  ■  :  :  •  *  1 1  .  :.a  1  I  ,  v. : . .  i. 

lead  to  i  1  iru  * .  t  i  i  • :  •  :  w  »v,  h  . .  i>  a: a:  F.  vi  •  t  i  r  ij  :  :  i .  i  ■  t 

reaction.  b  -wev*  i  : th  :  r  •  •  .  :  : :  .  ■  1  h.ydi .  ;•••.  r  tis  rim  t  l.ey  »r.  t  •  i  r  r  »;  ::!y  • :  :  t  y,e 

F*H  i  and  H»P.  -  lir-r.t  ifv  :  f;  :.  .  t  t  r  a  •  : .  .  i  r  i  t  j  e.ict  i,:  i<il;:.i  •  ex  i  ♦  a  *  ;  . sv.st 

chen  real  lA.'b.'  1  r  .  .*  :•  y  ♦.mi  !.•••  i*  •  rr-  1*  l  :,v  lv.d.  :*.•••,.  t:.  ■  .  f,  rred 

in  an  electric  di-  f.  ir  l-'riii;  ;  to  •*  i  :.  :  .»  h.  -  r  at  tilth  {»•••.,:••'  :  r;  t:.e  ’.1 

conf  i  (jurat  :  >^r  u.  a  slid.  :r  •  1  y  • . : :  a:  :  iii*:-.  wn*f  ts.e  ‘s.iii;  •  t  react  ions  is  if. stilted  by  j  >t 

dissociati.  n. 


6.  AM  1. 1C  ATI  ON:  F  t.A.  PF  1 1  ,:iT 


Over  twenty- five  yir-.  a:  .if  ♦.»!>•  »  r"  'i  t 
«rh*»t  has  1  •  i:-  .-  ♦:  .t  f  .  .. 

functions,  1  t  ’>  lip,  I  T.  W  |<  r  •  )•.!*!•.  ;  V  I 

Lhit  1*-.  litler.f.f  1  •  :•  i:  1  .  ,ty 

some  t.i{  the  r».r.  .  a  i  .■  :  ;■  ;  r  . 

5ut  t  >  be  1  e  if  i*  •  •  ♦  .:.?  f  •  i:  ?  r  •  •  ;  ;■  .  !.♦ 

istits  of  liM'i  1  ;  ;:.t  .  let:.,;  >•  • 

of  i  r.t  tT  hr  "try  ■  w-.  ,.  1  t 

fer‘-';san.  hr. ■>  ;  |h  r.  »  i  new  ;  i -  ■  •  . .  ;  ,, 

the  lA'dh. 


*.';e  i  ffVen?  1'jp  of  the  t  MnsiMor  r»no  c'uld  j  r*  di .  4  *  sse;,t  l  a  1  ly 


•  :  th:-  *  i:  |  *  he  r  i:  i  1  level  ;  m  r.t  ■  : 

•r  •  ■  •  41  :  t  ’  •  d  i :  e  j;  i  .  il  11,!.  !■*..  i*  ; 

I  h- '  b  •  2  f  * ;  f  I  y  veil  M  |  i  1  y  att.r  ti.e 


ppcauso  Of  the  h  |  }h  ly  '  I  e-|.ll  1  /.•  1  !|-),-.rtie.  --if  the  ]j\ 
/lth  other  soar-  er.  it  f  tie  .  r.  t  ;  ;  .  I  t  ♦  s.  f. 

»t  l.  i  »y,  it  i  il  h.-re;,  e,  *  r,.  f  ,  ♦  i  ,  -  ■  :  1  .  t  ;. 

Ill  1 1  ..m  I  l.  .....I  j-.r.r  i  I  i-.-  1  tv-  •  .....  i.  ..... 

>a  r  *  1  nr  i  pi*  it  I  r.it-ly  xili  :  •  x.  ,  • ,  w 

I 1  1  - lli t  h.V  i.  x  >  «•  -  :-e  an  ;  :.*  .  .  j  i:  *  f  :  i 

;he  :.h  j  :  i i  u-ntu  i  n  r  i:m  *  »  •  ,n ;  , •  .  ;  .. 

:>r  if.u  ily  ill  tb-  n-  .it  i  it  •  r  i*  ■  r  v  .  •  n.  I  •  j  •  •  >. 


wh  i  •  were  di-na'.’.od  at  loti  jth  j  r.  cnpiriM'ii 
•  t  i  :h*  ■ ,  ;.i  e  •  ra  1  I  r  t  ,  r  ::  hr  ,'r.- 

■  !  I  •  r.  .1  }■  :  fit  •Oli!  .  r.axe  Si  le 

:  :  *  I  ?.■:  ?  |«.  Sl.t  * , ,  I ,  (  i  .  r  J;.,t 

r  x.  i  4  ■  r  i  •  -  f .  e,  lli  tt,.*  ir,  the  ;fi  m 

*  ii  1;.  ill  our  r- 1 1  >  t>n  y  at  .  :ial,  and 

ui  e  ,t.  1  i  he  fa.-t  t  b.at  i  t  m  ii  1  i  v.  i 


inornous  l-wer  make  it  h./,t  t  »•  .  -  ...  :  it  r,  r, -.  *  ,  r:-  ;t  :♦.♦.•  ,  .  t  *  ->t  man,  Ms  A.  we  con- 

:i'!"t  trie  viri.aj-  .♦*  :  Ii  if.a--.,  fry  *.  ♦  •  “f  '  *  w  ,r.  .-a  :■  *h  is  hivird  exists  and  an  h<-  m  n  ini  zed . 

It  Sui>s*ej:;er.t  cany  a.;e  t of  |;.i  .  ;  t  )  ].  r  will  }  ..  .],  ■  a  sei. 


a.  IJV.f  KN  in  Met  r<»b  uy  -  I  i 


I  ■  :v  i '•  i r-  j « > r  *  mt  in  *  he  deterti'in  it  i  >n  and  nuinti'iMn-.T  of  stand- 
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and  Iodine  at  6J3  rvn  ia  such  that  they  are  bcmq  considered  as  frequency  standards.  These  laser  systems 
have  shown  a  frequency  stability  c-om|  ai  able  with  the  «  n.urr.-beam  frequency  standard  now  accepted  and  a 
reproducibility  much  Setter  than  the  r.i  yj  ?  on-  1  imp  i.-r.-jth  ntaiuiutd  iu<w  universally  used.  Such  reference 
systems  are  now  commercially  avail-*!  le.  5?«i •»«■  * S  u;\ n  tin*  u  •>  ted  frequency  and  lenqth  standards,  the 
velocity  of  1  iii  tit  is  new  fixed  at  ’  i_\  *1  ‘r<  1 1  r.  :.e-  .  i  vrn  allowing  lor  the  improvement  with  LASERS ,  the 

value  is  not  txfected  t,  hui.je. 


b.  Conunur.icat  i  is  and  Inf  r.i* 
human  exjet  irr,  «-  t  fa  t  i 

quelicles  the  (  a:.d  widff.  .  •  ’  * 

Cl  l  cults ,  ai.  :  *11  I.--.!:,  i 

the  lo-ji  w.  :  •  .iv  !.  1  ■:  . «  t 
content  tf.it  »:  :•  : 

commumca!  ii  •  •  •  ■  •  • 

tM  lnta  III! .  ■ 
elev.  ti  1  al  ••  t  • :  .  :  :  • 

C-ftlcal  . 


Informal  i 
However  ,  i  * 
lonq  di-  t.»;.  •• 
municat :  r. .  : 
of  t  i  al  t  i  • 
queue  ;  1 . 


The  :r.  • 

wav*,  .i  ; ;  a  •  ;  • 

in  flit'-  ■ : 

a  hiqh  t  :■ 

If  the  ar  -■  • 
ment  f  *  1  ••••  r.r  . * 
af  pr  oa  h  t : . » t  :  * 
ready  be  ;^n  t  • 
it  is  clt  ir  t  • .  » t  »- 
develop!.  •  *• 


:  A  ip  w-.’.l  ii.  d  >u:  :  have  their  larqest  impact  on  the  total 
.  ,  ;  r  s*  :.»:«■  and  retrieval.  At  uftlcal  fre- 

;  •.  .  v  •  i  r.  .1  It  •.•••!  through  all  telej  hone 

,  it.  •  .  ii!.--!  «.r,  .  ne  lams  learn,  frovjded 

Hi  Sid.  .  the  lar  i**  information 

•  t  .  I  i  .  r,  the  :«.ii:.t  :  f  view  of 

..-,*:  •  :  jr.  at  m : i  lust  ,  the 


,  •  .  i  •  i  z  «  h  r  t  d  i  :»t  ir.ces  . 

.  J  -  ...  h  *.  er-.  over 


.  •  •  l  .  •  ■  t  .i  *  :  r.  * 


The  heart  * r..  . •  r  i  *• 

frozen  wi'h.r:  t :  •  * 

MMO  i  l.  i  .'*.•  t:  *  ;  •  .  •  .  *  .  .  • 

i  n  one  ver  .  ■  ■  . 

a  h>  i- ■  2  p*  •  •  :  •  •  ....  . 

ou  s  s  l .  ■  n  • .  f  ?  .  •  • 

re  const  r  -  t  t  *  ■  *  * 

as  a  ser  . .  :  h  .•  .  ■  >  • 

material  .  " '  .  vf  :  ••>*.  • 

com;  ar.  i  e  .  ev.  :  •  :  *  ’  .  *  *  • 

Oi.l y  can  it.?  •  ’  1  .*'••■ 

I n  the  !  .  . t  f  •  .  ■  -  i :  •  *  .  .  >  ‘  . 

an  1  te  1  e  .  :  *•  i  .*!.... 

of  the  ;  r  :  i  :  •  •  •  i  ; 

t main  :  }  r  •  •  .  n  l  :  *.  •  r  \ 


c.  1*1  .,'dl. 
with  nii  1  •  >  r 
a  Separ  at  i  *•. 

men  ial  ;  t  ■ 
asv.oci.it.-  1  w  i  ■ 
per  *iT.t  » 


For  the  Cui.ih  m  r .  »  •  r,  A.*  *  t  s  •.••■tern,  t  f«**  vrann.m  th  it  i  '•  used  i*  u:.»  nt  f ,  Ne-lilv 


40%  of  tf.e  »  ,!  r  f  i.i*  :  l.-i;  —  r  i-. 

Water,  f  . .  i-  r  •*  :  »  ,r.  i<  t  • 

represent  *.  a:  ;  »  *  *■•.;.  •  ■  ■  .  ii  ♦  i  1  ’  f 

pr •  j  »  i  '  1  *.  1  h*  iv,  «  ;  .  *  i  a  .  »*•  !  w  t 

ly  separate  :  t  :  *  *  ••  las  ;*  :-.ik  :  nf-iial. 


th  n  ai  t.  ,t.  i  mm 


l  ii  .i:,  a  ■  f  ■  t  t  ia  1 


TrobaJly  t*  ••  :  r  •  u>*  *  <  .11  f  r  hi  i  -w-i  la-.er  fehn-l  >-:y  in  in  the  area  of  laser  f  :-•> 
for  (iim  m  t  .  ur  ,  i  '  :  .  r.-  >■  ■■  *t  •.  •  *  »t  •  - 1  *  f.-  r  :  it.  |  •  w.  r ••  1  :n  ,  i  ;  a  .  :  A  I  !■  .  :  ■  i*  -  -  • 
del  l  ver  t  er  »w  .  t  t  .  :  "wit!  •*.•  i  a  fi  i  n  :  J  i  s.  1*. ,  ♦  ha*  r-  1  '  *'■■■.■  id-  .  t 

ar **  ne  i r  i  r.  j  :  ;  I •  *  .  r.  t  !  e,  .  !.::»!•*•.  i .  |  i  •  -  i.n  is  «•  n«  *w  w -r  r.  i  n  ;  w 1 1  h 

tha»  a  |  ;  i  •  i  h  *.  :*  'r.-i.f  r-  :•  .  n  r  ;.  ii  i  i  1  :.*>  *  l.-it  1 .  i  -  •  -  r  .vtters  »n  1  •• 

t  ran  cm  i-'u-'ii  "!  t  <  •v.r  I  t.;  !  i  -t  it.  •  •  .  ai.  J  .  n*  •  a  wk  w.»  •  d  j  1  .»•  »•  . .  t  -  in  at  e  ly  i  n  t  . 

vajoui  i.  a  Mi.aii  al  -.  rr-.-r,  1 1.  mil,:,;  it  Id!  i  alt  t,.  trm-.mif  j*  wa  at  fhe-.e  fte.p.ier  ie 


d.  Laser-,  m  the  ■  •  •v.ir. ;  *  y  -  If.-, 
there  are  a  tnf-l  «*i  -f  ■  •  t : r  -me-,  that 
pr  HUM’S  t*»  be  a  malM  m  1 1 1 ;  i.  t  ll.u 
Burned  a  (  la-  a  1-  i  tf;  mt»  :r  a**- 
co/rj«..ne/)t  in  th*  ..*  sy-ti-m.. 


:  d*  ■;  •  he 


i  r  >  -  n  w 
r.in-t  f 
1  i  r  .i  t 


.  .f-vi-ui-.  aiiii  afion  of  1.»m  r  tm  hnolu-ly  t  '  i  -rr-ira 
b.  .:  j  |.-d.  Aut  ■  mat*-d  '  1  .-  k-  ut  ft-i  the  -  .-t 

.*  I  !•.••!  t-r-.  .  At  jii-.i'.t  ti.e  h»‘l  1  urn- in--  n  IJ*.  ! 

.  ail  t  ta-  a-m-'  i  :d  i  t  -r  r-emm  y  an  a  reiial  le  ele- 


at i ons 

h  has  a*. - 
*  r  otu  c 


Because  of  their  high  efficiency  and  brightness,  LASERS  are  playing  an  increasingly  important  role  in 
display  systems.  Furthermore,  the  jwssibility  of  eventually  using  injector  LASERS  for  iiqht  bulbs  is 
certainly  real.  For  the  moment,  the  IA.TEKS  that  have  been  developed  do  not  operate  in  the  blue  region  of 
the  spectrum.  The  efficiency  of  the  present  light  bull  is  approximately  10’*,  and  their  life  is  short.  A 
blue  diode  IAE-EK,  such  as  S  iC  may  ie  able  to  operate  without  being  cooled  with  an  efficiency  apj  reaching 
25%.  The  coherent  monoonrumat  ie  radiation  that  woull  be  produced  could  be  converted  to  heteroct.r  ...nat  i  c 
light  by  surrounding  the  TA.ER  with  the  proper  type  of  phosphor  which  would  efficiently  absorb  the  laser 
light,  and  teem  it  it  over  a  broad  band  ».=  i  t  re-p.en  lei;.  Such  a  system  would  he  extremely  sirr.j  le,  and  long- 
lived.  Before  the  application  of  infrared  lu-e  •:  light  to  the  cJ>-amng  of  w crRs  f  art,  su^h  as  statues, 
and  national  monuments,  the  prc.  ••?.?;  has  rvguii<l  .-any  man  years  of  painstaking  labour  to  scrub  the  dirt 
from  the  surface  with  sand.  Now  with  the  ai-i  ..  r  *!.«•  high  lowered  infrared  LASER  these  objects  J'art  can 
literally  be  scrubbed  with  l;.:ht.  '.'he  li  jtit  i:.  ;  r-h-ient  illy  absorbed  by  the  soiled  surface  and  the 
preferential  heating  of  the  dirt  ■„  us*s  it  *  .<  be  l  i  1 »  i  fx  n  the  object.  The  some  princij  1  o  has  been 
used  with  the  laser  eraser  which  :  ■<  c.ij  u!  ie  >i  v.i;*  r  icing  k  non  paper  without  aijreciabiy  hiuti::]  the 
paper.  Museums  have  now  ire  lu-Jei  he.- b.  ;x aj  :n  t.  .  hr.i  ;ues  i.  their  arsenal  of  weapons  used  in  determining 
authenticity  of  works  of  art. 

e.  LASERS  applied  to  jure  an  1  u:;l;e.i  si-n  ••  -  Lasers  r.d  their  greatest  aj plication  in  scientific 

laborator i.-s.  The  mist  ui  vkm-.,  a;  ;  1 :  .»»i  -n  :  .  .  i.  as  .  tunable  light  s.-ur.c  reaching  from  the  sub- 

millimeter  range  in  th«'  far  ii,!i  iii-l  * u  w  t  the  vacu*.  ultraviolet.  1  he  ctvious  \  rir.ary  use  is  of 
the  tuna  tie-  light  :.'..r.-*-  in  «.  w.t:.  *  :.fu.:»rd  tie-.  .tries.  "hi-  si  ectral  1  s  i  jr.tr.e-;  s  i  many 

laser  sources  naket,  them  ii-.il  t  :  :  :v.:r;  :  »  r  t  .  *  ■ at*.r-.  a  u  l  v  jK-  which  otherwise  .  .W;.J  net  to 

studied.  With  the  aid  :  :.A  -  -»  ir  p/je.v.-me.'.a  has  cr/.n  raiiclv. 

Prior  to  the  advent  f  t'.e  I A  d  »•  ••  ,  *  •.•  «-:•  ti;  •  full  .-tieritn  .I'iwuii d  with  ccr.TK.nly  ursir.g 

intense  light  souu  *.-s  :r.t  1-  iu  ir.--  ;r:.*y  :  .  '  r.  v.*lt*.  ir .  the  advent  cf  the  ;,V  ik,  .  i.ctric 

field  strengths  pt.-du.*  1  ty  an  .  x  ♦  t,f  teiav.lt-  r»  «  l  .*  *  *  valtS/r.)  . 

In  much  more  modest  field?;  r.ult  t-  n  :•  .  •  •:,*••  .iin  t<>  ;r  within  the  material  which  lead  to 
optical  harmonic  generation.  •;:.*'  .  -  r  y  -.  * .  j  1  :«  *  .  -  ion  .nny.ii-  ;.*r.  j  r.  ■■  j  :.  it*.-  is  .  :.*•  f  the  materials  often 

used  for  this  pur  j.«  •:;..* .  •  f  ten  the  «rti  .*:.-.  :  ■:  :i  m;  r.  !  i.  t :  ::  l  •-  f  i  •’  rut  j;  y  get.era*  li  r.  nayi  e  m 

enccss  of  20%,  although  tyjic.il  e-ir.v«-t  s ;  t«  f  «<•»•:.  i,  and  1  t. 

As  laser  light  interacts  with  gi-*-:.,  1.  ;  ..  1.  and  transparent  solids,  it  is  scattered  loth  elastically 
or  inelastic-ally.  Elastic  ;. -,,tt i:i  :  is  i-.i;.-.  :t.  scattering,  wmle  the  inelastic  s  :r.g  of 

light  is  called  Parian  s.  itt*  :  m  -la .  attert.i  light  will  .  cnta.n  lines  corn-  ;;v'rid, :. ■:  t  > 

energy  loss  in  exerting  vnr  :  r  tali.i.j.,  v.i  a l  .,r.j  ele  -tr. st  ites  r  £  the  medium.  ;*  the  light 

is  intense  enough  if  will  al.-.j  c.  r.t  on  a  -  c  .<  .  •  :  lir.es  correa;*  h.ii.Vf  t  ;  the  addition  .  f  vr:  rat  u-nal, 
rotational,  <  lectromc  ener.iy  to  tin  1 1  the  LA.LP.  This  then  becomes  another  very  |«.  wertul  tool 

for  studying  th*'  internal  structure  f  r  it*.-:  lab- . 

Essentially,  Btillourr:  scatters;;-:  in  •;  i  i  5 .  and  liquids  is  the  same  process  as  Raman  scattering. 
However  rej  lacing  th*-  vibr.iti  1  s  ‘.c;  -r.al,  *-i<-  m  i-ic  excitation  i  .  the  r.  gion  cf  an  a  ■...‘.tic  vivo 

within  the  material.  The  !r*  ;u*-:i  y  >  :  tr  -  -  .»  l  fic  wave,  cun  be  ad- led  and  subtracted  1  s  cm  that  f  the 

laser  light  thus  giving  a  rich  ‘i  ••  :  ?  um  rw-t  »•  t  uw;  their  magnitude  within  the  material. 

Within  the  laboratory  IA'l.A  ar-  offer,  us**  1  as  intense  source*  of  radiation  for  pil*o  rail*'!  •/*.:* ,  that 

is  the  time  study  of  a  sy;t*m  u!*.-r  :y  hi  » «rn  lap;  iiy  intraiii  ed  into  i*.  Vv.r  t  hr  rm- 1  v .  the  IA.1R 

is  an  excellent  •:  >urce  of  ndiiti.n  ir  st  .;iy  l  n-j  tt.e  ir.t#*r  art  if  n  ;wui-:  nicmg  ran. at  l  :.  wit:,  living 

system;..  For  exar.{l._-  in  ny  I  rat  iv.  cur  ;  rir.ary  :  r.t  r-..iy;:cj  1  »  ,.*r  r.»*i:ati  r.  damu  :*  within 

the  retina.  We  also  use  laser  iijht  t  >  a;  -  ;  f  wit),  detailed  studies  i  banc  mechar.ir.r s  in  c.lour  visi.,;.. 

The  laser  is  now  im[«'rt.int  in  c*-ilular  micr  os-coj  v .  The  effects  of  laser  radiation  u;«r  r.  the  cell  have 
been  stalled  by  a  number  of  l.d-  r  .it-  ri.-;.  1  i.*  la  ■>  r  mi<  res-,  ape  also  provider,  another  ir..t:  -r.t  i  i  riei'-- 

surgery  of  tissue  cell-,  and  or  »  1,  ...  :,i-.*r  radiation  has  now  been  us*  J  t.o  r  cr.it. -r  re,  r;  r-.;  livir.j 

systems  involving  brain  c*»lls,  :  NA,  .ml  RiiA  m- -i,*cu:*'s.  ho  cause  ct  the  m-n<.:chr  or.  at  ie  1 1  y  .  i  ♦:*•  J  \  *x  light 

and  the  snail  divergence  of  the  bean,  <  x;  *i  ireiit:;  can  now  be  carried  out  d-.-wr,  to  sires  which  aj  ;  r  a.  h  r:«_  - 

half  micron. 

f.  Industrial  applications  of  LASERS  -  lA'F.H  technology  is  finding  its  way  into  virtually  every 
aspect  of  industrial  j  ro  in  j.  T:.**  r»  ••:.*.  dr. aj  plication  >:f  LA.-'i?-.;  of  c.-ur-.e  is  :  r.  i  r.d-r.r  i  ; 1  netai 
welding,  drilling  and  cutting,  rerari  rihinin  i  -,ri  t  drilling,  f  .nr  i..at  i>n  cf  hi  :h  jre  ;  •  i-  n  re  v  i  *  :/rs,  .1 
printed  circuitry,  m-ir.ul  a-.rtur  m>j  *.t.,ri  {ar.i:;  -v-ritr-.l,  paexage  labellir.g,  and  soon.  I«-t  us  .  n;;,ier  a  lew 
more  detailed  examples. 

This  past  yen  tv?  of  the  uno**rk  ‘“'dies  for  the  ford  Montego  and  Torino  are  being  welded  with  a  <>  kw 
beam  iron  a  carl -a.  dcxid**  I  A..  5  I*  which  w  »*,  *h-vel  ■:  .*  1  ui  the  1  i:  -  r  .,u  r  i  ,s  United  Air_:  it:.  .  imilarly 
tiiese  high  J*wer«*i  •*'.*  -y  t*-r  are  being  deve  1  !  f'-r  ship  welding,  thus  cuttinj  by  ten  t.he  am-,  u r.t  f 

time  r.*  es*.  ny  for  f.il  r  loitm  i  rr.ij=  hulls.  A:,  with  most  later  system?;  u-.*-  I  in  industry,  tr.e  welds  n-j 

Bystem  l  s  invariibly  e  m;  ut«*r  •'•r.t  r  d  1  e  i.  i  c-er  l  .-..n  webli-rs  ar*-  also  imjortant  in  th*.*  mar,*.!  act. .re  c.-t 
automobile  1  iTff'r  i«**P  (l*-ii  a  id  f.  it  t.*r  ie-.'  an  I  in  heat  treating  and  surla.c*  hardening  c.f  i  h  imj.  it.int 

parts  as  can*. haft?;  and  v  live  mm’  ,.  There  j;;"ir  t  >  be  definite  advar.t  ages  in  using  tf;e  lAd'R  ter  heat 

treatinj  sine  the  raj  id  j  ro -e-,*.  leads  t*>  the  nimn-.n  .lrount  of  part  d  i  ?;tcr  t  ion . 

As  in  the  case  of  heavy  r.  ir.uf actur  mg,  the  I.A  TR  is  of  iirf»--r  t.ance  in  the  chemical  industry.  As 

mentioned  ab*.v**,  it  i°.  rv-w  t  ive  i  r:  is-itej  ••  ’’mr.ition  of  both  ur.ituun  for  t  issien  r*'.»ctr;rs, 

potentially  f-  r  (rodi.n:  he  ivy  w.i**-r  a-:  >t  m  i<  r  ,t.-r  ir,  tb.e  heavy  wa^r  exiled  reactors.  .vet  the  next 
few  years  its  full  joti-ntial  will  n-  loul-t  be  ■:»••/<  1  g  ed . 

g.  Application-  '■(  IJt:  f  R.C  to  M**djcir>#»  -  Th"  largest  single  use  of  I-A.hFR5  in  medicine  is  in  thera¬ 
peutic  \  h-  l-  '■  '  ag  ;  i  a  t  .  n  >1  <*  '.iar  ti  ..ie.  Up  ui.t  1 1  th.*-  d«>veb  ;n«-nr  of  I.A!  I  k;  the  greatest  advancement 

has  been  the  x  e  n-  •  r.  Ar  l.-imj  ;  1  wev.-r .  with  IA  :  J-..  -'lie  an  rv-w  -.  >  r.t  r  >1  th«‘  j*  wer,  tb.e  sjmt  size  u|«'n  tfie 

retina,  the  irt.ih.iton  tio*  with  the  tunahilit.y  of  ,  l.;ur  to  mat-  h  the  .\fisi.,r pt ion  spectrum  of  the 


material  under  irradiation. 

Photocoag ulation  has  now  been  extensively  used  in  treating  a  number  of  diseases  of  the  macula.  For 
example,  the  majority  of  patients  treated  for  serious  central  retinopathy  have  shown  an  improvement  in 
visual  acuity  within  three  weeks.  However,  diabetic  retinopathy  is  rapidly  becoming  a  chief  cause  of 
blindness.  It  is  now  estimated  that  approximately  19%  of  the  blindness  in  the  U.S.A.  is  caused  by  such 
retinal  changes.  Coagulation  of  the  retina  is  one  of  the  major  approaches  to  the  control  of  this  disease. 

Although  the  ruby  LASER,  which  emits  at  694  nm  in  the  red,  has  been  used,  it  has  not  been  particularly 

successful.  Instead,  either  the  argon  ion  LASER  which  emits  at  488  and  514  nm  or  the  frequency-doubled 
neodymiun  doped  YAG  crystal  which  emits  at  530  nm  have  more  successfully  been  used.  The  relatively  high 
absorption  of  the  green  wavelength  by  reduced  or  oxygenated  hemoglobin  makes  these  latter  two  lasers  very 
attractive  in  the  treatment  of  retinal  vascular  anomolies.  Treatment  of  glaucoma,  by  poking  a  small  hole 
in  the  iris  with  the  LASER,  has  thus  far  been  carried  out  in  Russian  laboratories. 

In  recent  years,  the  LASER  has  become  a  surgical  tool.  Both  the  infrared  CO2 (10,600  nm)  and  a  green 
argon  ion  LASER  (488  and  514  nm)  have  been  effectively  used  as  these  radiations  interact  quite  dramatic¬ 
ally  with  tissue.  The  red  ruby  and  He-Ne  light  are  not  appreciably  absorbed  by  tissue,  blood  or  water  and 
consequently  are  of  little  use.  The  advantage  of  laser  surgery  is  seen  in  the  bloodless  cut  since  vessels 

scar  immediately.  Attempts  now  are  being  made  to  use  laser  surgery  in  awkward  places  such  as  in  the  skull 

for  the  removal  of  cysts. 

Because  of  the  high  power  density  and  the  monochromaticity  which  sets  the  defraction  limit  of  the  spot's 
size,  the  LASER  is  an  excellent  tool  for  microsurgery.  Once  again  the  choice  of  the  critical  wavelength 
is  important  since  one  is  able  to  irradiate  part  of  the  subsystem  of  the  cell  with  that  frequency  of  light 
which  is  best  absorbed  by  it. 

The  LASER  is  also  being  considered  as  a  tool  in  dentistry.  Thus  far  it  has  not  readily  been  accepted 
but  in  the  future  it  may  be  important  in  the  treatment  of  special  diseases  and  for  mechanical  construction 
in  awkward  places. 

LASERS  have  also  found  extensive  use  in  dermatology,  particularly  in  those  areas  involving  cosmetic 
changes  such  as  the  removal  of  tatoos,  birthmarks,  and  growths.  The  early  enthusiasm  that  developed 
around  laser  surgery  associated  with  cancers  has  now  lessened  because  it  has  been  observed  in  many  in¬ 
stances  that  treatment  by  the  LASER  has  caused  the  diminishing  of  the  original  cancerous  growth  but  .has 
also  caused  it  to  spread  to  other  areas. 

h-  Mining  and  Geological  Applications  of  Lasers  -  One  of  the  most  common  uses  of  LASERS  now  is  in 
surveying.  However,  the  monochromatic  properties  and  its  high  spatial  coherence  have  made  it  a  superb 
tool  for  interferometric  measurements  of  small  earth  crust  movements.  Extensive  study  has  gone  into  the 
distortion  of  the  earth's  crust  with  the  motions  of  tides  and  of  earthquakes,  and  with  the  aid  of  the 
LASER,  scientists  throughout  the  world  are  now  able  to  make  predieitions  as  to  when  and  where  major  earth¬ 
quakes  will  occur. 

The  extreme  power  of  the  YAG,  CO2  gas  LASER  and  some  chemical  LASERS  make  them  excellent  candidates 
for  drilling  and  mining.  Already  LASERS  are  in  the  field  in  these  areas. 

LASER  light  was  bounced  from  the  moon.  As  a  result,  scientists  have  been  able  to  determine  very 
accurately  the  shape  of  the  earth. 

Laser  radar  or  LIDAR  is  now  playing  a  very  important  role  in  determining  and  monitoring  pollutants  in 
the  lower  atmosphere  and  the  LASER  is  now  playing  a  particularly  important  role  in  map-making. 

j.  Military  applications  of  LASERS  -  Virtually  every  laser  application  thus  far  discussed  finds  a  use 
within  the  military.  Conversely,  the  hundreds  of  millions  of  dollars  spent  on  laser-related  research  and 
development  supported  by  military  establishments  not  only  finds  application  there,  but  has  quickly  found 
its  way  back  into  the  conmunity. 

Information  storage,  processing  and  cormunications  are  of  primary  importance  to  the  military.  In¬ 
tegrated  optic  systems,  which  allow  for  coupling  of  the  computers  through  optical  fibres  without  electro¬ 
magnetic  interference  are  now  conroonly  used  in  military  systems.  The  use  of  holographic  storage  of 
information  and  the  holographic  techniques  in  map-making  are  now  under  consideration.  The  use  of  optical 
communicators  between  aircraft  and  between  line  posts  are  now  under  design.  Some  are  presently  in  the 
field,  as  are  laser  range-finders  and  guidance  systems. 

The  power  associated  with  modern  LASERS  is  sufficient  for  anti-personal  weaponry.  However,  the  main 
thrust  will  be  in  developing  LASERS  that  can  be  used  to  ignite  thermonuclear  devices,  and  to  detonate  such 
devices  in  MERV  war  heads. 

Although  not  strictly  a  military  application,  one  of  the  "far-out"  applications  for  the  future  will  be 
the  use  of  LASERS  for  space  ship  launching  and  propulsion  in  space.  Such  schemes  are  presently  under  study 
at  NASA  and  have  been  proposed  by  such  leading  experts  as  Dr.  Arthur  Kantrowitz,  Chairman  of  AVCO  Research 
Laboratory.  The  magnitude  of  the  LASERS  necessary  for  such  a  scheme  is  mind-boggling;  however  Dr.  Edward 
Teller,  his  teacher,  was  asked  to  comment  upon  the  Kantrowitz  proposal  predicted:  "It  will  happen  before 
laseL  fusion  will  make  a  contribution  in  a  practical  sense.  I  am  interested  in...  how  soon  the  fusion 
energy  we  want  to  squeeze  out  of  these  microexplosions  will  really  give  economic  power.  And  I  believe 
propulsion  of  manned  satellites  will  occur  before  that  occurs." 
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